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Abstract
E xperim en ts were conducted to te s t the  valid ity  of theore tical models 
w hich describe  th e  behav iou r of chem ical and  th e rm al re la x a tio n  
processes a t  h igh  tem p era tu re s  and  low densities. In terferom etric , 
em ission and  absorp tion  experim ents w ere perform ed to m easu re  the  
e le c tro n  d e n s itie s , ro ta t io n a l  te m p e ra tu re , a n d  em iss io n  a n d  
absorption profiles for com parison w ith  theory.
E lec tro n  p o p u la tio n s  b eh in d  h ig h  e n th a lp y  shock w aves in  low 
p ressu re  a ir  w ere m easu red  w ith  sp a tia l and  tem poral reso lu tion  a t  
conditions app licab le  to th e  fligh t reg im es of th e  NASA proposed 
aeroassisted  orb ital tra n s fe r  vehicle using  an  in fra red  in terferom etric  
technique. M easu rem en ts  u sing  th is  techn ique  w ere confirm ed by 
observing the  S ta rk  broadening  of th e  hydrogen ß tran sitio n . I t  w as 
observed th a t  th e  e lectron  popu la tions p la te a u  to a level th a t  is 
significantly less th a n  th a t  predicted by a one—tem pera tu re  model, b u t 
are in  excellent agreem ent w ith  values predicted by a two—tem pera tu re  
model. The m easured  ra te  of ionisation agreed favourably w ith the  ra te  
p redicted  by the  tw o -tem p era tu re  model, b u t w as again  significantly  
less th an  th a t  predicted by the  one-tem perature model.
The broadband  tem poral em ission charac teristics of the  p lasm a were 
stud ied  in  o rder to de te rm ine  c h arac te ris tic  re lax a tio n  tim es. The 
em ission profiles w ere in  excellent accord w ith  the  p redictions of the  
two—tem p era tu re  model. No m easure of the  em issive power was m ade 
however, and  therefore no com m ent is m ade as to the  reliab ility  of the  
model a t pred icting  the power spectrum .
T em porally  reso lved  em ission  m ea su re m e n ts  w ere conducted  on 
specific ro ta tiona l transitions in  the  N2+ molecule in  the region behind 
the  shock to determ ine the  ro ta tiona l tem pera tu re . This tem p era tu re  
w as found to be correctly p red ic ted  by the  two—tem p era tu re  model, 
while the  one—tem pera tu re  model, underestim ated  the tem p era tu re  by 
a factor of about 50%.
The re la tive  in ten s ity  of two tran s itio n s  in  atom ic and  ionic oxygen 
w ere m easu red  and  com pared w ith  theo re tica l p red ictions. I t  w as 
observed  th a t  th e  th e o re tic a l io n -to -a to m  em iss io n  ra t io  w as 
substan tia lly  la rger when described by a single tem pera tu re  th a n  w hen 
described by two tem pera tu res. The experim ental resu lts  support the  
two—tem p era tu re  description and lend support to the  conclusion of the  
e lectron  n u m b er density  stud ies , w hich suggest th a t  th e  observed 
decrease in  these  populations was due to a low ering of th e  electron 
tem pera tu re .
An in fra red  CW diode lase r absorption  experim ent w as carried  out in  
oxygen on th e  sam e tra n s it io n  as in  th e  em ission  s tu d ies . The 
m ea su re d  ab so rp tio n  w as com pared  w ith  th a t  p red ic ted  by th e  
two—tem p era tu re  model, and  found to be in  fa ir agreem ent, a lthough  
the uncerta in ty  in  the m easurem ents is high.
The experim en ta l re su lts  lend  suppo rt to c u rre n t th eo re tica l work, 
which proposes th a t  i t  is necessary  to characterize the flow by different 
te m p e ra tu re s  to a ccu ra te ly  m odel cond itions a t  th e  h ig h  shock 
enthalpy, low density  regime.
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ACRONYMS AND NOTATIONS
This thesis is written in, and adheres to, the SI units system. On 
occasion however, certain equations contain dimensioned constants. 
In these instances, the equations are detailing either cross sectional or 
spectroscopic parameters. It is common practice to employ the cgs 
units system in these cases. For example, practically all spectroscopic 
data is given in cgs units. The thesis therefore follows this convention 
for those specific equations, namely, equations 2.3, 2.6, 2.7, 2.17, 2.19, 
3.12, 3.16, 3.23, 4.7, 5.48 and 5.49.
The following acronyms and notations are presented in the order in 
which they appear in the given chapter.
AOTV: 
CW : 
FWHM: 
HEO : 
LEO : 
OTV : 
TTV :
aeroassisted orbital transfer vehicle
continuous wave
full-width-half-maximum
high earth orbit
low earth orbit
orbital transfer vehicle
pertaining to the two-temperature kinetic model of Park 
(1989)
Chapter 2
a0 : first Bohr radius
A^T) : forward rate constant for collisional ionisation
c : speed of light
Cj : wavenumber of the ith band system
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Ex
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n e
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nX
Q
Q
Qe
Q&
Q1
mean thermal velocity of species X
distance between the atomic or molecular fields of two
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total internal energy of a system 
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impact energy
energy difference between two electronic states of a 
molecule
activation energy for ionisation 
lowest vibrational level of an upper state 
oscillator strength
local electron energy distribution function
characteristic oscillator strength of the ith band system
ratio of the statistical weights
Plank's constant
total radiation intensity
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number density of photons with frequency v 
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electron tem pera tu re
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relative velocity of two particles
electron velocity
threshold  energy for species X
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Greek symbols
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P density
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effective diffusive coefficient for species s
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Io : initial radiation intensity
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process
k : spectral absorption coefficient
L : optical path length
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P : pressure
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ionisation tem pera tu re  (0j=I/k) 
characteristic  p lasm a density
Chapter 1 : Introduction 26
Chapter 1
INTRODUCTION
1.1  Background
In  recen t years w ith  the  advent of the  space shu ttle , m uch activ ity  has 
tak en  place in  the  low e a r th  orbit (LEO). This activ ity  h as  included 
scientific exploration as well as com m ercial en te rp rise . M uch of the  
com m ercial ac tiv ity  h a s  included  th e  deploym ent of sa te llite s  in to  
various orbits rang ing  from LEO's, up to 400 km , to h igh e a rth  orbits, 
H E O 's, w ith  dep loym ent a ltitu d e s  as h igh  as 35,900 km  for the  
geosynchronous sites.
To date , the sa te llite  deploym ent vehicles have been m ultistage  rocket 
system s, consisting of a lower stage which tran sp o rts  the  payload from 
ground to a LEO, and  an  upper stage booster continuing from the  LEO 
to th e  H EO . T hese u p p e r s tage  rocke ts, w hich  a re  of course 
expendable , a re  expensive an d  of re la tiv e ly  low re liab ility . The 
se rv ic in g  of b o th  g e o s ta tio n a ry  a n d  e q u a to r ia l  s a te l l i te s , th e  
e s ta b lish m e n t of p e rm a n en tly  m an n ed  space s ta tio n s  an d  space 
m anufacturing , all requ ire  a tran sp o rta tio n  system  m ore flexible th an  
the  shu ttle , or upper stage rocket, capable of trave l betw een th e  LEO 
and the  HEO.
A considerable com m ercial advan tage  would be achieved if  th e  upper 
stage vehicle could be m ade reusable. This prem ise leads to the concept
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of an  orbital tran sfe r vehicle, OTV, which employs rockets for its  ascent 
and  descent stages. A high price is paid in  fuel however, for th e  ability 
to reuse the vehicle, as the  fuel required  for the descent b u rn  is carried 
a t the  expense of cargo. To overcome th is  problem  the  aeroassisted  
orb ital tran s fe r  vehicle, AOTV, has been proposed. (For a review  see 
P a rk  1985a and  1987a). Such a vehicle has an  aerodynam ic surface, 
capable of producing drag  and  a sm all am ount of lift. I t  is envisaged 
th a t  such a vehicle, on re tu rn  to the LEO from a HEO would carry  out 
aerobrak ing  and  aerom aneuvering  procedures and  decelerate by drag, 
rem oving the  need for a decelerating rocket bum .
The AOTV has a well defined flight regim e. This vehicle is expected to 
have a perigee a ltitude  of approxim ately 80 km, w here the  a ir  pressure  
is app rox im ate ly  13 Pa, and , a t  th is  po in t, trav e l a t  n e a r  escape 
velocities of approxim ately 10 k m s '1. C ertainly , a t these  a ltitudes, the 
atm osphere is very tenuous b u t proves to be highly reactive. The shock 
w aves associated  w ith  such an  environm ent a re  expected to produce 
flow fields th a t  a re  in  a s ta te  of chemical and  therm al nonequilibrium . 
The a ir  in  th ese  flow fields will undergo  v ib ra tio n a l excita tion , 
dissociation and  significant ionisation. The study of reen try  physics is 
becom ing of significant im portance, and  the  developm ent of such a 
vehicle is se t to become a m ajor technological challenge in  the  coming 
decades.
In  o rder to develop the  AOTV, it  w ill be necessa ry  to ob ta in  an  
u n d e rs tan d in g  of the  chem ical k inetics a t  the  fligh t reg im es w here 
these  processes are  im portan t. The nonequilibrium  chem istry  affects 
bo th  th e  h e a t tra n s fe r  to th e  vehicle as well as i ts  aerodynam ic
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capabilities. U nlike chem ical k inetic  m odels applied  to the  study  of 
shock heated  m onatom ic gases such as argon, m odelling the chem istry 
of shock h ea ted  a ir  is in h eren tly  difficult due to the  large  num ber of 
species in  the  p lasm a, th e ir  type and  the  num ber of possible reactions 
in  which they  m ay partic ipa te . E leven species, nam ely, N 2, 0 2, N, 0 , 
NO, N +, 0 +, N 2+, 0 2+, N 0 + and  e- m ay be involved in  som e fifty 
reac tio n s, m any  of w hich have  ra te  c o n stan ts  th a t  a re  cu rre n tly  
u n k n o w n . F u r th e rm o re , m o le c u la r  sp ec ies  in tro d u c e  o th e r  
te m p e ra tu re s  w ith  w hich  th e  flow m ay be ch a rac te rize d . Any 
chem ical k inetic  model therefore , m u st address the  problem s of large 
species num bers, m ultip le  reactions and  be capable of accounting for 
v ibrational, ro ta tiona l, electronic excitation, electron tran s la tio n a l and 
heavy partic le  tran s la tio n a l tem pera tu res; not a triv ia l exercise. These 
are problem s faced by the theorist. The experim entalist too has certain  
lim ita tions th a t  ham per the  study of shock heated  a ir  a t high enthalpy  
conditions, a consequence of th e  n a tu re  of th e  p la sm a  a n d  the  
d ifficu lties a sso c ia ted  w ith  th e  g e n era tio n  of such  flows in  th e  
laboratory.
S tudying the  chem ical k inetics involves an  investigation  of the  various 
species, th e ir  population h istories and th e ir role in  reaction sequences. 
L a se r  a b so rp tio n  a n d  em ission  spectroscopy  a re  n o n -in tru s iv e  
experim ental techniques th a t  lend them selves to such a study. There 
are  problem s how ever associated w ith  spectroscopy in  an  a ir  p lasm a. 
E m ission  m ea su re m e n ts  m ay be m ade, for exam ple, in  o rder to 
determ ine ro ta tiona l and  v ibrational tem p era tu res  of excited s ta te s  of 
N 2+. H ow ever th is  does no t r e s u l t  in  any  in fo rm atio n  on the  
populations of the  ground electronic sta tes. A bsorption techniques can 
em ploy e ith e r  a  n a rro w b a n d  or b ro ad b an d  b ack g ro u n d  source.
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N arro w b an d  abso rp tio n  is d ifficu lt to reduce  how ever, because  a 
knowledge of the  w idths, shifts and  shapes of absorbing tran s itio n s  is 
essen tia l and  these  line shape p a ram ete rs  are  p resen tly  unknow n for 
m any species in  the  environm ents of in te rest.
U seful absorp tion  m easu rem en ts  for m olecu lar n itrogen  m u st tak e  
place in  the  u ltrav io le t. The s trongest absorp tion  bands in  the  0 2 
molecule are also in  the  u ltrav io le t (the Schum ann-R unge transitions). 
The ß and  y tran s itio n s  in  the  NO m olecule lie in  th e  range  200 to 
400 nm . S trong  atom ic absorbers in  an  a ir  p lasm a have tran s itio n s  
app roach ing  th e  in fra red . The sp ec tra l positions of th ese  strong  
tran sitions place severe restric tions on the  experim ental diagnostic.
Due to the  large num ber of species of both  the  m olecular and  atom ic 
form to account for, m any  possible tran sitio n s of vary ing  w avelengths 
from the  vacuum  u ltrav io le t to the  fa r-in frared  are  possible, m aking  
the  selection of a su itab le  ligh t source or em ission detector, difficult. 
T unable  dye la se rs  a re  req u ired  for CW abso rp tion  in  th e  visib le, 
excim er la se rs  m ay be used  as lig h t sources in  the  u ltra v io le t and  
tunab le  diode lasers are  needed in  the infrared . B roadband continuum  
sources m ust have an  effective blackbody tem pera tu re  g rea te r th a n  the  
p lasm a u n d er study. These ligh t sources and  th e ir  detectors m u st of 
course be coupled w ith  the  appropriate  optics.
A g rea t deal of theo re tica l work in  the  a rea  of ionised a ir  h as  been 
carried  out in  the  la s t  th ir ty  years. More recently , a tw o-tem perature  
kinetic model for ionising a ir  has been developed by P a rk  (1989). H is 
model has been the  basis of a com puter code which has been applied to
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the flight regim e of the AOTV and has m ade predictions on:
i) th e  popu lation  h is to ries  of the  eleven m olecular, atom ic and 
ionic species,
ii) th e  ro ta tiona l and  v ib rational tem p era tu res  characteriz ing  the 
flow and
iii) the  nonequilibrium  rad ia tive  em ission of the  plasm a.
T his code rep re se n ts  p e rh ap s th e  m ost accu ra te  a tte m p t to model 
conditions behind  the  shock fronts associated w ith  the AOTV.
On th e  ex p erim en ta l fron t, very  l it t le  d a ta  ex is ts  for th e  species 
populations a t these  conditions. T here are  difficulties (to be detailed  
la ter) associated w ith  the production of such high en thalpy  shock fronts 
in  the laboratory. I t  is obvious th a t no single body of experim ental work 
could possibly hope to m easure  all of the  p aram eters  predicted  by any 
k inetic  m odel for ion is ing  a ir. Recognizing th is  fact, th e  p re sen t 
investigation  looks specifically a t  a few p a ram ete rs  in  an  a tte m p t to 
lend support to the  theoretical work. In  particu lar, the  ionisation  th a t 
occurs beh ind  th e  h igh  en tha lpy  shock waves in  low p ressu re  a ir  a t 
specific conditions is studied in  detail. Therefore, the  lite ra tu re  review 
th a t  follows, is devoted to the  experim ental and  theoretical work th a t 
has been carried  out in  the  field of ionisation behind shock waves in  air.
1.2 A review  of relevant literature
W hile studying the electrical conductivity of ionised air, Lam b and Lin 
(1957) m ade the  observation th a t  the  ionisation ra te  was considerably 
faster behind  the  shock wave th a n  had  been expected. The ionisation 
ra te  observed by P e tsch ek  and  B yron (1957) for shock w aves of
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com parable stren g th  in  argon, was several orders of m agnitude slower 
th a n  Lam b and  Lin had  observed; even allowing for the  difference in 
th e  io n isa tio n  p o ten tia ls  be tw een  th e  species of a rgon  and  those 
co n stitu en ts  of a ir. D uring  th e ir  investigation , P e tschek  and  Byron 
em ployed a shock reflection  techn ique  th a t  d e te rm in ed  the  local 
electron num ber density  by correlating  i t  to the  in ten sity  of the visible 
ligh t em itted  by the shock heated  gas.
N ib lett and  B lackm an (1958) tried  to employ the technique of Petschek 
and  Byron to determ ine  the  ion isation  re laxation  tim e beh ind  shock 
w aves in  a ir. A hydrom agnetic shock tube w as em ployed to produce 
shock waves w ith  M ach num bers from 11 to 17 travelling  into 133 P a  of 
air. The assum ption  was m ade th a t  the  lum inous region following the 
shock fron t w as due to processes involving free electrons. However, 
while the  visible rad ia tio n  in  shock-heated argon is due p rim arily  to 
free-free and  free-bound con tinuum  rad ia tio n , th e  visible rad ia tio n  
from  shock-heated  a ir  has been  found to be due to m olecular band  
system s (Penner, 1959). As pointed out by Lin et al (1962), the  point of 
onset of in tense rad ia tion  behind the  shock wave was m ost likely due to 
th e  a rr iv a l of th e  c o n ta m in a te d  d riv e r  gas from  th e  e lec trica l 
discharge, and  was not due to the  ionisation as N ib lett and  B lackm an 
h ad  assum ed . T hese lum inosity  m easu rem en ts , p e rh a p s  w rongly 
in te rp re te d , w ere rep o rted  as being  able to d em o n stra te  th a t  the  
ionisation  tim e decreases w ith  increasing  M ach num ber.
A m ethod, based on the  m easurem ent of the  a tten u a tio n  of microwaves 
to determ ine the  electron densities and  ionisation ra te s  in  shock-heated 
air, was employed by M anheim er-T im nat and Low (1959). Shock waves 
in  th e  M ach n u m b er ran g e  from  8.2 to 10.4 for a ir; and  for
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nitrogen/oxygen m ix tu res (99.75% / 0.25% by volum e) in  th e  M ach 
num ber range from 7.4 to 8.8, both  in  p ressu res rang ing  from 0.13 to 
1.33 kPa, were studied. The au tho rs showed there  was good agreem ent 
betw een the  experim entally  determ ined  electron num ber density  and 
theore tical calculations based  on a therm odynam ic equilibrium  model. 
E ig h t re a c tio n  sequences w ere considered  in  th e ir  m odel, two 
d issociation  reactions, one fo rm ation  reaction  ( th a t of NO) and  five 
ionising reactions. Microwave techniques tend  to suffer a fundam ental 
lim it, nam ely, poor spa tia l reso lu tion , w hich is a consequence of the  
long w avelengths. This tends to m ake good spa tia l reso lu tion  w ith in  
th e  re lax a tio n  zone difficult. M anheim er-T im nat an d  Low h ad  a 
r a th e r  sm all (12.7 m m  d iam ete r) te s t  section an d  as such , th e ir  
m icrowave a tten u a tio n  signal w as probably re la ted  to the  presence of 
shock waves in  the  waveguide th a n  to any ionisation relaxation  behind 
the shock wave in  the  te s t section.
L in et a l (1962) u sed  m agnetic -induction  and  m icrow ave reflection  
probes in  a 600 m m  d iam eter shock tube to investiga te  the  ionisation  
profile beh ind  strong  shock waves in  a ir  w ith M ach num bers rang ing  
from 14 to 20 a t  in itia l p ressu res  of 2.6 to 26 Pa. U sing techniques 
sim ilar to those used by L in & Kivel (1959) and M anheim er-T im nat & 
Low (1959), th ey  observed th e  pow er reflection  coefficient of the  
microwave probe in  order to deduce the  electron num ber density  (more 
precisely , th e  e lectron  d en sitie s  deduced from  probes of d iffe ren t 
frequencies u n d e r s im ila r experim en tal conditions w ere com pared). 
In  conjunction w ith  th is  experim ental technique, L in et al employed a 
m agnetic-induction process sim ilar to th a t  used by Lam b and L in (1957) 
to m easure  the  electrical conductivity d istribu tion  behind  shock waves
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in  a ir  w ith  a spatia l resolution com parable to the  effective w idth  of the 
app lied  m agne tic  field . The m ain  re s u lt  of th is  w ork w as the  
observation  th a t  for the  ran g e  of shock s tre n g th s  covered (shock 
velocities from  4.5 k m s '1 to 7 kms*1), th e  io n isa tio n  d is tan ce  was 
approxim ately 10 to 40 tim es the m ean free p a th  of the  und istu rbed  gas 
ahead  of the  shock front and  th a t  the  electron num ber density  appeared 
to overshoot the  equilibrium  value, by a factor of betw een 2 and  3, for 
some d istance  beh ind  the  shock fron t before re lax ing  back  tow ards 
equ ilib rium .
In  a com plem entary  pap er to th a t  of Lin, N eal and  Fyfe (1962), an 
extensive th eo re tica l in te rp re ta tio n  w as m ade of th e  experim en ta l 
resu lts  obtained in  the aforem entioned work by Lin and  Teare (1963). A 
c ritica l e x am in a tio n  w as m ade of th e  v a rio u s  io n is in g  reac tio n  
sequences. E lectron im pact and  ion im pact ionisation, photoionisation, 
charge exchange, electron a ttach m en t and ionisation  by n e u tra l atom  
and m olecular im pact were the  ionisation  processes considered. Rate 
equations w ere derived for these  reactions and  solved by num erica l 
in teg ra tio n . Since th e  low ion isation  regim e w as stud ied , L in and 
T eare use a ‘one-w ay coupling’ approxim ation  betw een dissociation, 
ion isation  and  rad ia tiv e  excitation. One-way coupling refers to the 
technique w hereby the  tem pera tu re , density  and species concentrations 
a re  in it ia lly  ca lcu la te d  in d e p e n d e n t of io n isa tio n  an d  ra d ia tiv e  
excitation, and  th en  used  to determ ine the  ra te s  for these  processes. 
Upon num erica l in teg ra tion , they  produced, as a function of d istance 
behind  the  shock front, an  in stan tan eo u s electron production ra te  plus 
electron and positive ion densities. As a resu lt, a detailed  breakdow n of 
specific io n isa tio n  ra te s  for th e  v arious io n isa tio n  p rocesses w as
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compiled. The dom inant ionisation  reactions in  th e ir  analysis were the 
a tom -atom  reac tio n s followed by pho to ion isa tion , e lec tron -im pact, 
a tom -m olecu le  a n d  m olecu le-m olecu le  co llisional io n isa tio n ; the  
im portance of each reaction  being a function of shock velocity. L in and 
Teare stressed  th a t  the  electron im pact reactions contribute little  to the 
ionisation  a t shock velocities below about 5 kms*1 b u t m ay become the 
dom inan t ion ising  reaction  a t  velocities g re a te r  th a t  9 kins*1. The 
dom inant atom -atom  process in  the  low velocity regim e w as considered 
to be the  associative ionisation reaction
N  + O <=» N O + + e~. ...(R l)
The n e t energy requ ired  for th is  ionising reaction  is considerably less 
th a n  the  full ionisation po ten tial of NO, as chemical energy is released 
by th e  association  of th e  N and  O. On com paring th e ir  theo re tica l 
model w ith  the  experim ents of L in et a l , L in  and  T eare  dem onstra ted  
th a t  th e re  w as rea so n ab ly  close ag reem en t be tw een  th eo ry  and  
experim ent. The conclusion w as m ade th a t  for shock velocities up to 
9 kms*1, the  dom inant electron producing reaction  sequences w ere the 
atom -atom  ionising collisions, w hereas electron im pact processes m ay 
becom e p re d o m in a n t a t  shock ve loc ities in  excess of 10 kms*1. 
F u rth e rm o re , according to th e ir  calcu lations, th e  overshoot of the  
electron  nu m b er d en sity  would be expected to d isap p ea r a t  shock 
velocities less th a n  4 kms*1 and  g rea te r th a n  9 kms*1. T heir desire to 
ex tend  th e  m odel to shock velocities g re a te r  th a n  9 kms*1 w as 
ham pered  on two fronts. F irstly , a g rea te r knowledge of the  electron 
im pact ionisation ra te s  a t h igher velocities was requ ired  and  secondly, 
the  ‘one-way coupling’ m u st give way to a ‘two-way coupling’ betw een 
d issociation  and  io n isa tio n . Two-way coupling req u ired  th a t  the
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ion isation  and  rad ia tiv e  processes occurred sim ultaneously  w ith  the 
chem ical p rocesses a n d  as such , th e ir  i te ra t iv e  tec h n iq u e  w as 
unsa tisfac to ry .
W ilson (1966) ex tended  th e  experim en tal w ork of L in et al and  the 
th e o re tic a l w ork  of L in  and  T eare . F irs tly , W ilson conducted  
experim ents a t shock velocities from  9 to 12 km s-1 and  observed the 
in fra red  em ission of the  shock-heated a ir  a t w avelengths g rea te r th an  
5 pm. Above 5 pm  the  continuum  rad ia tion  consists m ainly of free-free 
B rem sstrah lung  rad ia tion , the  in ten sity  of which is proportional to the 
square  of th e  e lectron  n um ber density . W ilson p resen ts  a ‘sim ple’ 
m odel for a ir  in  w hich ‘in fin ite ly  fas t dissociation’ is assum ed. H ere 
W ilson m akes the  assum ption  th a t a t shock speeds g rea te r th a n  8 kms* 
1 in  a ir , d issociation  ra te s  a re  in fin ite  and  th e  gas in s tan tan eo u sly  
jum ps to a s ta te  of therm odynam ic equilibrium  across the shock. This 
model differs from th a t  of Lin and  Teare in  th a t  th e ir  model assumed" 
fin ite  d issociation  a n d  one-way coupling. W ilson's in fra red  re su lts  
show some correlation  w ith  bo th  the  proposed sim ple m odel and  the 
m odel of L in  and  T eare. H ow ever th e  ra d ia tio n  in te n s ity  in  the  
continuum  showed a  tendency to be lower th an  th a t  predicted by certain  
models. The conclusion was m ade th a t  below velocities of 9 km s-1, the 
assoc ia tive  io n isa tio n  reac tio n  (R l)  w as th e  d o m in an t io n isa tio n  
process (as suggested  by Lin and  T eare) and  fu rtherm ore  confirm ed 
th a t  a t velocities g rea te r th a n  9.5 km s-1, the  electron im pact processes 
begin to dom inate. The reaction (R l) however, is still though t to be an 
im portan t ionising reaction  beyond 9.5 km s-1. The reactions,
N  + N<=>Nt + e~ ...(R2)
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an d
0  + 0<^>Ö2+e~,  ...(R3)
a re  also suggested  as becom ing im p o rtan t a t  h ig h er tem p era tu re s . 
W ilson observed th a t, above 9.5 kms*1, ionisation leng ths decrease w ith 
shock velocity. This re su lt lends support to the  assum ption  th a t, for 
velocities g rea te r th a n  9.5 k m s '1, electron im pact ionisation  becomes a 
process th a t  will s ta r t  to compete w ith  reaction (R l). In  the  theoretical 
analysis of L in and  T eare, i t  was assum ed th a t  the  energy invested  in 
ionisation  w as sm all com pared to the  en thalpy  of the  shock hea ted  a ir 
and  w as th u s  neglected in  the  energy conservation equation. W ilson, 
w ishing to extend the velocity regim e beyond 9.0 kms*1, w as no t able to 
m ake  th is  a ssu m p tio n . Above 9.0 kms*1, th e  energy  in v es ted  in  
ion isation  w as no longer sm all com pared to th e  en tha lpy  of the  shock 
heated  a ir  and  had  to be included in  the  energy conservation equations 
w hen calculating  the  tem p era tu re . Hence a coupling had  to be m ade 
betw een the ra te  equations for ionic and neu tra l species1.
C alculations w ere m ade and  m odelling techniques discussed, for the  
d e te rm in a tio n  of th e  e lectron  n u m b er d ensity  in  th e  shock lay e r 
su rro u n d in g  a n  u p p e r  a tm o sp h e re  re e n try  v eh ic le  by E v an s , 
Schexnayder and  H uber (1970). The au tho rs considered 54 reaction  
sequences involv ing  11 re a c ta n ts . H ow ever a reduced  se t of 18 
se q u en c es  a n d  7 r e a c ta n ts  w as show n to p ro d u ce  a lm o s t 
in d is tin g u ish a b le  p red ic tions for in te rm e d ia te  velocities. I t  w as 
dem onstra ted  th a t  the  electron num ber density  profiles are  extrem ely 
sen sitiv e  to f in ite  r a te  ch em is try  and  th a t  th e  p rofiles can  be
l As dissociation tends to proceed faster than ionisation at higher shock speeds, the ionisation rate 
equations were decoupled from the dissociation reactions.
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significantly changed by finely ad justing  the  reaction ra te  constants.
I t  h as  been experim en tally  observed (Lin et a l, 1962 and A llen et al, 
1962) th a t  a t  shock velocities below 9.5 kms*1, th e  nonequ ilib rium  
rad ia tio n  beh ind  the  shock fron t is e levated  considerably  above the 
equ ilib rium  value. Z helesnyak et al (1970) undertook  a theore tical 
an a ly sis  of re lax a tio n  and  nonequ ilib rium  ra d ia tio n  beh in d  shock 
waves in  air. A calculation was m ade as to the  expected populations of 
atom ic and m olecular rad ia to rs. T heir analysis predicted the  in tensity  
of rad ia tio n  from certa in  spectral regions to pass th rough  a m axim um  
exceeding  a n  e q u ilib riu m  level. T h is n o n e q u ilib riu m  ra d ia tio n  
overshoot w as explained  as follows. As h ad  been  d em o n stra ted  by 
A ppleton et al (1968), a decrease in  the dissociation of N 2 resu lts  in  an 
increase in  the  population of N 2 together w ith  a subsequent increase in 
the  atom  tem p era tu re  Ta. In a com plem entary paper Appleton (1967) 
also show ed th a t  an  increase  in  th e  v ib ra tio n a l re lax a tio n  tim e xv 
increases the  v ib rational tem p era tu re  Tv and so Tv rap id ly  approaches 
T a . T h is occurs a t  th e  b eg in n in g  of th e  re la x a tio n  p rocess. 
Z helesnyak  et al propose th a t the  situa tion  will change as the  electron 
population increases, as there  is now a strong in te rac tion  betw een the 
v ib rational tran s itio n s  and  the  free electrons. As such the  v ibrations 
are  in ten se ly  “cooled” by electron collisions w ith  the  re su lt th a t  Tv 
departs  from Ta and  approaches Te. A t h igher values of Ta and  Tv, the 
electrons a re  fu r th e r  h ea ted  by the  in te rac tions w ith  the  v ib ra tiona l 
levels of N 2 and  Te considerably  exceeds its  local equ ilib rium  value. 
This local overheating  of the  electrons tak es place in  the  re laxation  
zone causing the  em ission from the m olecular tran s itio n s to overshoot 
th e ir  equ ilib rium  value. As the  shock velocity in creases  how ever,
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dissociation of N 2 increases, resu ltin g  in  a less pronounced h ea tin g  of 
th e  e lec trons. T h is shou ld  re s u l t  in  th e  d isa p p ea ran c e  of the  
nonequ ilib rium  ra d ia tio n  overshoot a t  shock velocities in  excess of 
9.5 km s’1.
An in v estig a tio n  of th e  ion isa tion  occurring beh ind  shock w aves in 
b inary  m ixes of n itrogen  and  oxygen w as u n d e rta k en  by Schafer and 
F rohn  (1972). The theoretical study considered a reduced set of species, 
9 in  to ta l, together w ith  a reduced set of chem ical reactions. In  the 
M ach num ber regim e of in te res t, M=7 to 17, the  NO+ ion is considered 
to be th e  p red o m in an t c a rr ie r  of positive  charge. F o r reac tio n s 
involving the  dissociation-recom bination of NO, the  ra te  constan ts  of 
H ansen  (1968) were employed. The reaction constants of L in and Teare 
(1963) were used for the  rem ain ing  reactions. Schafer and  F rohn  used 
hollow to ta l collector and  L angm uir probes to determ ine the  ion density  
behind  the  shock front. T heir theoretical resu lts  were confirm ed by the 
experim ent and  th e  num erical solutions showed a strong  dependence 
of the  relaxation  tim e on the in itia l oxygen concentration. A change in 
the  relaxation  tim e of an  order of m agnitude w as possible w ith  only a 
10% change in  the oxygen concentration.
C han  and  G lass (1974) p resen ted  fu r th e r  re su lts  on the  rad ia tiv e  
re laxation  beh ind  h igh  velocity shock waves in  a ir. Photodiode and 
photom ultip lier detectors were used to m onitor the  lum inous em ission 
from the  shock h ea ted  a ir  a t 530 nm. The nonequilib rium  rad ia tion  
overshoot w as show n to d isappear for shock w aves trave lling  g rea te r 
th a n  9.5 km s-1, supporting  the  view th a t  the dissociation of N 2 occurs 
m ore rap id ly , re su ltin g  in  less overhea ting  of th e  e lectrons. The
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re laxation  tim es w ere shown to be a function  of m olecular processes 
below 9.5 kms-1 and due to atomic ionisation beyond th a t velocity.
Zalogin  et al (1980) u n d e rto o k  an  e x p e rim e n ta l and  th eo re tic a l 
analysis of ionisation  behind  shock waves in  air. They postu la ted  th a t 
for shock waves of velocity g rea te r th a n  9.5 km s-1, the  population of the 
excited s ta te s  of atom s m ay be lower th a n  the  local-equilibrium  value. 
Because of th is , th e  electron population, n e, will be sm aller th a n  the 
value calcu lated  by th e  S aha  equation . I t  w as suggested  th a t  th is 
phenom enon m ay have an  effect on the  ionisation  ra te  since a t  the  high 
velocity regim e, ionisation  of atom ic species is the  dom inant ionisation 
process. P lo ts of th e ir  num erica l ca lcu la tions, to g e th e r  w ith  the  
experim en tal re su lts  of W ilson (1966) show sa tisfac tory , though  not 
conclusive, agreem ent. T heir hypothesis is som ew hat supported by the 
experim ental determ ination  of the population of excited atom ic sta tes of 
n itrogen and oxygen using em ission spectroscopy. The in ten sity  of the 
tra n s itio n s  >.=745.2 nm  in  n itrogen  and  X=777.3 nm  in  oxygen were 
m onitored w ith  a spectrom eter equipped w ith  several rad ia tion  detector 
channels. They observed th a t  the  in te n s ity  of em ission from  these 
excited atom ic s ta te s  w as some 40 tim es low er th a n  expected from the 
eq u ilib riu m  in te n s ity  of rad ia tio n . T he e lec tron  popu la tion  was 
estab lished  via in fra red  in terferom etry . T hese resu lts  a re  am ong the 
sm all am ount of experim ental d a ta  th a t  exists for the  electron num ber 
density  a t the low pressure , high shock velocity regime.
Io n isa tio n  w as m ea su re d  beh ind  in te n se  shock w aves in  a ir  by 
G orelov et al (1983) using  th in  disposable e lec trosta tic  probes. The 
shock velocity ranged  from  4 to 16 k m s '1. In  o rder to calib ra te  the 
probes, te s t m easu rem en ts  of the  electron  densities w ere conducted
Chapter 1 : Introduction 40
u sin g  a m icrow ave re flec to m eter o p e ra tin g  a t  39 GHz for shock 
velocities from 5 to 7 km s4  and  by observing the S ta rk  broadening of the 
hydrogen be ta  line a t the  w avelength of 486.1 nm  for velocities in  excess 
of 10 k m s '1. T hese re su lts  confirm ed the  proposal of Zalogin et al 
(1980) th a t  a deviation  from local therm odynam ic equ ilib rium  occurs 
due to the  depletion  of excited s ta te s  a t  velocities exceeding 9 km s4  
w hen te s t p ressu res are  low.
V ardavas (1984) developed an  ite ra tiv e  m ethod for m odelling reactive 
gas flows w ith in  shock tunnels. The model overcomes the  problem s 
associated  w ith  th e  so lu tion  of “stiff” equations th a t  a re  a re s u lt  of 
specific chem ical reac tions proceeding a t  su b s ta n tia lly  fa s te r  ra te s  
th a n  th o se  of th e  b u lk  flow p ro p e rtie s . T he essence  of the  
nonequilib rium  m odel involves the  solution of a system  of equations. 
This system  contains th e  equation  of s ta te , the  gasdynam ic equations 
(conservation  of m ass, m om entum  and  energy), and  ra te  equations. 
The solution of th is  system  yields the concentration of gas species i, q*, 
in  mol g-1 of the  m ixture, a t any given point in  the flow.
The model described  uses a single tem p era tu re  to ch arac te rise  the  
flow. I t m akes predictions as to the  species mole concentrations of the 
11 constituents of shock heated  air. At the conditions of in te re s t for the 
AOTV, th e  m odel p red ic ts  eq u ilib rium  electron  n u m b er d en sitie s  
approxim ating 3.5 x 1015 cm*3. These populations are  rap id ly  reached, 
the  peak  in  th e  concentration  occurring approxim ately  0.5 cm behind  
the  shock front. The induction tim e for ionisation is very short. These 
re su lts  com pare favourab ly  w ith  th e  th eo re tica l w ork of L in  and  
Teare (1963) and  the  experim ental w ork of W ilson (1966) and  suggest
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th a t, a t the  shock velocities considered, the  electron-atom  ion isation  
processes dom inate.
P a rk  (1985) calcu lated  the  d issociating  and  ionising  nonequ ilib rium  
flows beh ind  norm al shock w aves a t  conditions ap p ro p ria te  to the 
AOTV. This calculation  characterized  the  flow by two tem p era tu res . 
The d ep artu re  of the  v ib ra tiona l and  electron tem p era tu re s  from  the 
heavy partic le  tem p era tu re  w as addressed  and  the  viscous tra n sp o rt 
p roperties w ere accounted for. The chem ical ra te  p a ra m e te rs  were 
varied to determ ine th e ir  effect on the  rad iative  behavior of the  plasm a. 
T his model m akes p red ictions for th e  species popu lations beh ind  a 
shock wave travelling  a t a velocity of 10 kins*1 in to  a ir  a t a p ressu re  of 
13 Pa. E leven species were considered as partic ip a tin g  in  18 reaction 
sequences. P a rk  concluded th a t  c a lcu la tio n s of th e  v ib ra tio n a l 
re laxation  tim es, based  on the  form ula of M illikan and W hite (1963), 
u n d e re s tim a te  the  re lax a tio n  tim es a t  h igh  te m p era tu re s  and  th u s  
affects the  predicted population of species. The usua l expression for the 
chem ical ra te  coefficients, ch arac te rized  by one te m p e ra tu re , were 
deem ed in ad e q u a te . The d issoc ia tion  ra te s  have  typ ica lly  been  
dependen t on th e  v ib ra tio n a l tem p era tu re . P a rk  showed th a t  the  
ro ta t io n a l  la d d e r  c lim b ing  p ro cesses  can  occur to g e th e r  w ith  
v ibrational ladder clim bing and, as the  ro ta tional tem p era tu re  exceeds 
the  v ib ra tio n a l te m p e ra tu re , ro ta tio n a l processes will sign ifican tly  
affect the  dissociation ra te . F inally , P a rk  acknowledged th a t  d a ta  for 
the  nonequilib rium  rad ia tion , to which the  theory  could be com pared, 
is inadequate and the best da ta  are scattered by a factor of 4.
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P ark  (1986) refined the  analysis discussed in  the  1985 paper to account 
for its  various lim ita tio n s and  produced num erica l re su lts  for shock 
wave velocities up to 6.4 kms*1 in  n itrogen . A lim iting  value for the 
cross section for v ib ra tiona l excitation  w as in troduced  to rem ove the  
unrealistically  large value predicted by the  M illikan and W hite form ula 
for te m p e ra tu re s  in  excess of 40,000 K. T his lim itin g  va lue  was 
calculated by ad justing  the  com puted rad ia tive  behaviour to m atch  th a t 
observed in  shock tube experim ents. Corrections were also m ade to the 
v ibrational excitation ra tes  shown by Lee (1985) to become sm aller th an  
th o se  p re d ic te d  by c la ss ic a l L a n d a u -T e lle r  th e o ry  fo r h ig h e r  
tem pera tu res. This departu re  from the  L andau-T eller theory  occurs a t 
these  tem p era tu res  because the  excitation process displays a diffusive 
ch arac te ris tic  s im ila r to th a t  d iscussed  by Keck and  C a rrie r  (1965) 
ra th e r  th a n  the  single step excitation assum ed  in  the  classical theory. 
On th is  basis P a rk  used the v ibrational relaxation  tim e derived by Lee. 
R eaction ra te s  based  on a geom etric average tem p era tu re  Tav given by 
Tav = VTTv, were also adopted in  the  revised model. C aution needs to be 
exercised how ever in  ex tend ing  the  m odel to h ig h e r velocities. At 
h ig h e r velocities, th e  e lectron  im p ac t d issoc ia tion  an d  io n isa tio n  
processes becom es im portan t. The ra te  coefficients for th e  electron 
im pact dissociation processes are  unknow n, b u t are  though t to be 100 
tim es fas te r th a n  the  heavy particle im pact dissociation.
P a rk  (1989) applied the  tw o-tem perature model to the investigation  of 
chem ical nonequilibrium  in  the  shock layer a t  conditions applicable to 
th a t  of the reen try  environm ent of the  AOTV corresponding to a shock 
wave velocity of 10 k m s '1. The electron im pact dissociation ra te , which
2 It is noted at this point that the original paper “Assessment of two-temperature kinetic model for 
ionising air”, appeared in AIAA in 1987. It was reprinted in The Journal of Thermophysics in 
1989. The 1989 paper is referred to from here on in.
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h a s  a la rge  ra te  co n stan t, w as d ic ta ted  by th e  geom etric  average  
te m p e ra tu re  T av (as are  all th e  dissociation ra tes). P a rk 's  model is 
discussed in  detail in  chap ter 3.
C onsiderable experim ental and  theoretical work has been  u n d e rtak en  
w hich aim s to m easu re  and  model the  ionisation  processes, ra te s  and 
electron populations beh ind  shock w aves in  air. I t is considered th a t  
the  m ajor unresolved questions concern the  specific reaction  processes 
th a t  dom inate a t  the  high shock velocity regim e. These processes will 
have a significant bearing  on the  ionisation distances.
To date , very little  experim ental d a ta  exists for th e  ionising  reaction  
k in e tics  th a t  occur beh in d  th e  h igh  e n th a lp y  shock w aves u n d e r 
co n sid era tio n  in  th is  study . The c u rre n t consensus is th a t  the  
reactions R I, R2 and R3 are  the dom inant reaction processes leading  to 
ion isation , a lthough  the  reactions dom inate  according to th e  shock 
velocity. There is a need however for experim ental d a ta  to support the  
p red ic tions a t  h igh  velocities. F u rth e rm o re , th e  ra te  con tro lling  
te m p era tu re s  a re  p resen tly  unknow n a t  th is  regim e. Indeed , i t  is 
unclear as to w hether m ore th a n  one tem pera tu re  is characterising  the  
flow. The reaction processes and the  ra te  controlling tem p era tu res  will 
affect the  ne t production of free electrons. Hence a precise theoretical 
prediction of the  expected population of electrons is difficult, especially 
in  th e  absence of ex p erim en ta l d a ta  w hich can  be used  for code 
validation.
The m ajor question th a t  th is thesis a ttem pts to address is: is the  flow a t 
conditions ch arac te ris tic  of AOTV ree n try  in  th e rm al equ ilib rium  or
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not and, if  not, is the  two—tem pera tu re  model proposed by P a rk  (1989) 
consistent w ith  experim ental data?
To answ er th is  question, electron num ber densities will be m easured  in 
order to provide the  m uch needed experim ental d a ta  a t the  h igh  shock 
en th a lp y  regim es. T hese re su lts  w ill yield  d a ta  on th e  ion isa tion  
d is tan ces w hich can be used  to in fe r in fo rm atio n  on th e  reaction  
processes. The charac teristic  tem p era tu re s  will also be m easu red  in 
o rder to de te rm ine  w h e th er or no t m u ltite m p e ra tu re  processes are  
occurring. F u rth e rm o re  since the  electron  num ber density  p redicted  
by theory  is sensitively  dependen t on w h e th e r or no t the  flow is in 
therm al equilibrium , m easu rem en t of th is  density  will provide a basis 
for tes tin g  the  valid ity  of assum ing therm al equilibrium .
1.3 An overview of the current experiments
The aim  of the experim ents described in  th is  thesis are  five-fold:
i) To obtain m easurem ents of the  electron populations behind  high 
en thalpy  shock waves a t  conditions applicable to the flight regim e of the 
AOTV approaching  perigee and  to m ake com parisons of these  resu lts  
to the  predictions of both  one and tw o -tem p era tu re  models for ionising 
a ir .
ii) To study  the  tim e resolved em ission behaviour of the  p lasm a a t 
the  sam e condition.
iii) To determ ine the  ro tational tem pera tu re  of the  N2+ molecule a t a 
point behind  the shock front, and  to m ake com parisons of th is re su lt to 
the  predictions of both  one and  two—tem p era tu re  m odels for ionising 
a ir .
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iv) To m easure  the  rela tive  em ission in tensity  of two tran s itio n s  in 
atom ic and  ionic oxygen, in  o rder to m ake a com parison w ith  the  
ion—to-atom  in tensity  ratio  predicted by the two—tem pera tu re  model.
v) F inally , u sing  la se r  spectroscopic techn iques, to m easu re  the 
tim e resolved absorption by atomic oxygen and to compare th is  w ith the 
predictions of the tw o -tem p era tu re  model for ionising air.
The m ajor portion  of th is  thes is  is devoted to fulfilling the  f irs t aim  
outlined above. This aspect of the  experim ent was considered the  m ost 
im p o rtan t and  challenging. T his is in  view of th e  fact th a t  so little  
experim en tal d a ta  ex ists on ion isation  a t  the  conditions of in te res t, 
coupled w ith  th e  e x p e rim e n ta l d ifficu lties  a sso c ia ted  w ith  th e  
p ro d u c tio n  of h ig h  e n th a lp y  shock w aves an d  th e  su b se q u e n t 
m easu rem en t of e lectrons densities in  the  shock tube env ironm ent. 
The m easurem ent of the electron densities required  the  developm ent of 
an  accu ra te , non -in trusive  d iagnostic  system , capable of m easu ring  
rela tive ly  low electron populations w ith  a high degree of sp a tia l and 
tem poral resolution.
1.4 The structure of this thesis
Following th is chapter, which has given a broad overview of the  work 
th a t  has been conducted in to  ion isation  beh ind  shock w aves in  a ir, 
c h a p te r  2 d iscu sses th e  io n isa tio n  p rocesses an d  th e  em issive  
beh av io u r of shock h e a ted  a ir , an  u n d e rs ta n d in g  of w hich is of 
considerable im portance in  the  analy sis  of d a ta  from  the  em ission 
spectroscopic ex p erim en ts . C h a p te r  3 a d d re sse s  in  d e ta il  the  
two—tem p e ra tu re  k inetic  m odel for ion ising  a ir  developed by P a rk  
(1989). C hapter 4 outlines the objectives of the p resen t work and  details
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the  experim ental techniques employed to achieve those aim s. C hap ter 
5 deta ils  the  d a ta  reduction  process, th a t  is, the  m anner in  w hich the 
raw  experim en tal d a ta  was reduced to m eaningful num bers and  the 
d e te rm in a tio n  of th e  experim en ta l e rro r. C h a p te r 6 p re se n ts  the  
re s u l ts ,  a n d  h ig h lig h ts  som e of th e  e x p e rim e n ta l l im ita t io n s  
encountered  du ring  th e  work. C h ap te r 7 d iscusses these  re su lts  in 
rela tion  to the valid ity  of the  theoretical codes and  the possible n a tu re  of 
the  chem ical k in e tics  occurring. The conclusions of th e  w ork are 
sum m arised  in  chap ter 8, together w ith  suggestions for the  directions 
of fu rth e r  research .
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Chapter 2
IONISATION PROCESSES AND THE 
EMISSIVE PROPERTIES OF SHOCK 
HEATED AIR
2.1 Introduction
T his c h a p te r  d e ta ils  th e  v a rio u s chem ical k in e tic  p rocesses th a t  
contribute to the  ionisation of species in  a shock heated  flow. Ionisation 
by atom ic and  m olecular collisions, by electron and  ion im pact, as well 
as p h o to ion isa tion  a re  d iscussed . C harge  exchange and  e lectron  
a ttac h m en t a re  two reaction  processes th a t  a re  also deta iled , no t so 
m uch for th e ir  effect on the  overall ion isation , b u t because of th e ir  
possible in fluence  on th e  e lectron  n um ber d en sity  profile  v ia  the  
continuous reshuffling  of the  rela tive  populations am ong th e  d ifferent 
positive ions. A non-com plete, b u t certain ly  sufficient, l is t  of ionising 
reaction sequences is p resen ted  and  the  rela tive  im portance of various 
reactions is discussed. Cross sections and  ra te  coefficients for these 
reactions are  also detailed.
The rad ia tiv e  p roperties of h igh  tem p era tu re  a ir  a re  also discussed, 
a lth o u g h  in  som ew hat less d e ta il. D ue to th e  g re a t n u m b er of 
constituen t species th a t  compose a shock heated  a ir  p lasm a, th e re  are 
m any atom ic and  m olecular em itte rs  over the en tire  spectrum . I t  is 
necessary  to ob tain  a knowledge of th e  m ost dom inan t rad ia to rs  and 
d e te rm in e  in  w hich  p a r t  of th e  sp ec tru m  th e y  lie  in  o rd er to
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successfully conduct the  spectroscopic em ission experim ents.
2.2 Ionisation processes
2.2.1 Ionisation by atomic and molecular collision
A com prehensive, b u t no t complete, lis t of ionising reactions by atomic 
and  m olecular collisions is given in  appendix A. Ion isation  by atom ic 
an d  m olecu lar collisions is, in  genera l, no t a dom in an t ion isa tion  
process. As long as th e  m ean  k inetic  energy p er collision p a r tn e r  
(3/2 kT) is sm all in  com parison w ith  th e  ion isation  p o ten tia l of the 
atom ic or m olecular species undergo ing  ion isation , reac tions of the 
type p resen ted  in  appendix  A are  no t im portan t. E nergetic  collisions 
betw een two partic les in  w hich th e  energy of re la tive  m otion exceeds 
the  io n isa tio n  p o ten tia l a re  re la tiv e ly  ra re . The p robab ility  of an 
in e lastic  collision re su ltin g  in  an  ionising  tran s itio n  depends on the 
du ra tion  of tim e for which the  two partic les are  w ith in  a d istance d of 
each other. This tim e is of the  order d/v where v is the  relative velocity 
of the  two particles. Tz/AE, where AE is the to ta l in te rn a l energy change 
in  the  system  and ti is P lank ’s constan t divided by 2k , is the  tim e taken  
by an  electronic tran s itio n  w ith in  an  atom  an d  should  be com pared 
w ith d/v. For d/v »  Ä/AE, tran sitions to ionising levels are  unlikely  to 
occur as the  electrons have am ple tim e to ad ju s t them selves to the 
changes re su ltin g  from the  slowly approach ing  partic les. Hence the 
cross section for ion isa tion  v ia  th is  process is sm all, i ts  m agn itude  
being  d ep en d en t on a sim ple te s t  of th e  so called  n e a r-ad ia b a tic  
condition (M assey and Burhop, 1952),
dAE
Tiv
»  1 . . . ( 2 . 1)
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In  the  case of Ar (and all the  noble gases), th is condition holds tru e  for 
a very  large  velocity range. However, in  general the  near-ad iaba tic  
condition m ay be v io la ted  w hen chem ical energy is availab le  in  the  
collision process. Should the  am ount of energy requ ired  to produce the 
ion-electron  p a ir  be m uch less th a n  th e  ion isa tion  p o ten tia l of the 
m olecular complex formed, ionising reactions of the  type in  appendix A 
could proceed very rapidly.
B ates and  M assey (1954) de ta il a general tre a tm e n t of atom ic and 
m olecu lar ex c ita tio n  processes u s in g  th e  so called  c rossing-po in t 
m ethod. Should crossing (or n ea r crossing) of the  po ten tia l curves for 
atom ic collisions or po ten tia l surfaces for m olecular collisions, occur, 
these  ion isation  processes will dom inate. They consider the  collisions 
betw een atom s or m olecules A and B th a t  approach each o ther along 
p o ten tia l curves which, a t  a sep ara tio n  of R, in te rse c ts  one of the 
po ten tia l curves of the  complex molecules form ed AlB+ and  an  electron 
of zero energy. U nder such a situa tion , if  sep ara tio n s less th a n  R 
occur, the  collision product m ay be p u t into an  excited s ta te  w ith  an 
energy above the  ion isa tion  po ten tia l. In s te ad  of decaying by the 
em ission of a photon, i t  is m ore likely  to m ake a tra n s itio n  to the 
continuum  sta te , th a t  is, an  ion plus a free electron w ith  kinetic energy 
(autoionisation). B ates and M assey w rite the following expression,
Ql = nR2(l-eRlvx) ...(2.2)
for th e  ion isation  cross section, w here x is the  m ean  lifetim e before 
auto ionisation  occurs w ith  v being the  relative velocity w ith  which the 
atom s or m olecules approach. This is expressed  by L in  and  T eare
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(1963) in the form
Qe>ex~ gn(Rxa0y 1-exp -3.8 x 1 0 15 h II2R>
E 1/2
...(2.3)
*AI
where g is the ratio between the statistical weights associated with the 
initial potential energy curve. This leads to a crossing and the sum of 
the statistical weights associated with all the other possible initial 
curves. Rxa0 is the distance between the two centers of mass of the 
colliding system where the crossing occurs, a0 is the first Bohr radius; 
p is the reduced mass of the system; xAI is the autoionisation lifetime 
and E is the impact energy. This energy must of course be larger than 
the activation energy, Ex, hence the condition E>EX, in equation 2.3.
The dom inant ionisation process a t low shock velocities is the 
associative ionisation reaction R l. Lin (1958) observed the ionisation 
rate  b eh in d  shock w a v es in  gas m ix tu res a t low  p ressu res, con ta in in g  
small percentages of N2 in 0 2. From those m easurem ents, the 
Maxwell-averaged cross section for reaction R l was deduced. There 
exist many possible crossing points for reaction R l and Lin therefore 
assumed th a t the velocity averaged results were due to such curve 
crossings. Hence for this reaction, with Rxa0 = 10‘8 cm, p = 7.5 amu, 
E = 3 eV (the energy of the reaction) and assuming xAI< 10*14 sec (which 
is an estimate based on the observation that the auto-ionisation times, 
unknown for N and 0 , lies in the range from 10-15 < xAj<10'11 sec for the 
excited states of helium), Lin and Teare derive an approxim ate 
expression for the ionising collision cross section for reaction R l as
Qe>Ex = gn(R xa0)2 = 3 x 10'17cm2. ...(2.4)
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For the collisional ionisation processes to proceed, it is assumed that 
the kinetic energy (available in the centre of mass reference frame) 
exceeds the activation energy Ex. Hence, the cross section of equation 
2.3 is velocity-averaged to ensure this criteria. The velocity averaged 
cross section Q of equation 2.4 is given as
Q = 3x |j r'x ...(2.5)
where k is Boltzmann’s constant and T is the tem perature, under the 
assum ption  th a t the velocity d istribu tion  was approxim ately 
Maxwellian behind the shock front. For x^j > 10-14 sec, Lin and Teare 
arrive a t the corresponding expression for the ionising collision cross 
section and the velocity averaged cross section
Qe >e  = 6 x 10 31
E 1'2 T.
cm .(2 .6 )
Q = 3 x 1 0 * 1 ( E \x-/x exp( E \x-'x
E 1,2tai UrJ k T ) cm ...(2.7)
As the tem perature range of Lin and Teare's experimental results 
were very narrow, they were unable to obtain an accurate value for the 
cross section between the limits of the highest (4.8 eV) and lowest 
(2.8 eV) activation energies for reaction R l. To enable a determination 
of the tem perature dependence of the cross section for reaction R l, 
forward and backward rate coefficients were obtained for the atomic 
and m olecular collisional ionisation reactions. The fact, th a t 
atom—molecule or molecule—molecule collisional in teractions are 
strongly dependent on the molecular orientation at impact, introduces
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g rea t complexity in  the  calculation of the  collisional cross section. For 
the  m olecule-molecule collisional reactions, the  ra te  constan ts for the  
forw ard reactions were obtained from the  m olecular beam  experim ents 
of U tterback  & M iller (1961) and  U tterback  (1963). U tterback  & M iller 
e x p e rim e n ta lly  d e te rm in e d  th e  io n isa tio n  cross sec tion  for N 2 
m olecules in  collision w ith  N 2 molecules over the  energy range  from 2 
to 1000 eV. The observed cross sections ranged from 10*20 to 10*16 cm2. 
The ionisation cross section versus energy curve exhibited s tru c tu re  a t 
a round  20 eV ind ica tive  of com peting reaction  processes. A t these  
energies, d issociation effects a re  suggested as possibly con tribu ting  to 
th e  observed s tru c tu re  as well as th e  io n isa tio n  of b o th  colliding 
m olecules w hich occurs a t 31.3 eV. In  a  com plem en tary  paper, 
U tterback  (1963) determ ined  the  ionisation  cross section for collisions 
betw een N 2 and  0 2 m olecules over an  energy range from 2 to 1000 eV, 
em ploying the  sam e low p ressu re , p a ra lle l p la te  ion isation  cham ber. 
The observed cross section ranged  from  10‘20 to 5 x 10 '16 cm2. A fter 
correcting for the  cen tre  of m ass energy, ag reem ent was ob tained  for 
the  resu lt of N 2 - 0 2 and 0 2 - N 2 experim ents. Lin and Teare concluded 
th a t  i t  is reasonable to express the  forw ard ra te  constants for the  atomic 
and m olecular collisional ionising processes in  the  A rrhen ius form,
w here Aj(T) is the  forw ard ra te  constan t for collisional ion isation  for 
the ith reaction sequence and AEj is the  energy of the  reaction.
For T < 30,000 K, the  values of Aj(T) for m olecule-m olecule ion ising  
collisions a re  sm a lle r  th a n  those  for a tom -atom  collisions. F or 
T > 30,000 K, the  different values of Aj(T) become comparable.
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2.2.2 Electron and ion impact Ionisation
Ionising reactions by electron and ion im pact are of the  form
e + X  <=> X ++ e'+ e , ...(R4)
a n d
X ++ Y  <^> X ++ Y ++ e , ...(R5)
w here  X an d  Y re p re se n t any  n e u tra l  a tom  or m olecule an d  e" 
rep re sen ts  free electrons. For e lectron  im pact ion isation  to proceed, 
in c id en t e lectrons m u s t have energ ies a t  le a s t  equal to th e  f irs t 
io n isa tio n  p o ten tia l E j. The cross section for th is  reac tion  rap id ly  
in c re a se s  above th re s h o ld  to a m ax im u m  w h ere  i t  fa lls  off 
approxim ately  linearly  w ith  high energies. I f  the  atom  in  the  collision 
has m ore th a n  one subshell, more th a n  one th resho ld  occurs a t  high 
energies re su ltin g  in  some s tru c tu re  in  the  ion isation  function. The 
e lectron  im p act ion isa tion  process is an  endo therm ic  reac tio n  and 
hence th e re  ex ists a th resh o ld  value  for the  e lectron  energy below 
w hich the  reaction  will no t proceed. The cross section for electron 
collisional ionisation  varies as E ’MogE a t high energies as predicted by 
the  B ethe-Born approxim ation. There is an  (E-Ej)11 dependence on the 
cross section n e a r  threshold . W annier (1953) observed the  dependence 
of the  yield on the  electron energy ju s t  above threshold . A value for n  of 
1.127 w as ob tained  by W annier using  a sem i-classical tre a tm e n t (for 
ions the  exponent lies betw een 1.127 and  1.0), while various quan tum  
m echanical calculations have given values for n  of 1.0, 1.13 and  1.5 
(Rudd, 1981).
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For electrons w ith  energies less th a n  the  energy difference betw een the  
low est excited s ta te  and  the  ground  s ta te , th e  to ta l collision cross 
section is sim ply equal to the  elastic collision cross section (M assey and 
B urhop, 1952). However as the  electron energies increase beyond th is 
difference, excitation and  ionisation of atom s will proceed and  th e  to ta l 
cross section will now become equal to the  sum  of the  cross section for 
e lastic  collisions to g e th e r  w ith  those for excita tion  an d  ion isation . 
M assey and  Burhop give
Emax
Q -  Qo + + JQe dE  ...(2.9)
S 0
for the  to ta l cross section for electron im pact w ith  atom s or ions. Q0 is 
the elastic cross section, Qg is the cross section for excitation and  QE dE 
is the  cross section for ionising collisions for w hich the  energy of the 
liberated  electron lies betw een E and E+dE.
L in and  T eare (1963) reproduce the  to ta l ionisation cross section QiX(e) 
for collisions betw een electrons w ith  energy e and  atom s or m olecules 
of type X, in  term s of the  local electron energy d istribu tion  function f(e). 
The ra te  of ion p a ir  production  per u n it volum e by electron  im pact 
behind a shock front is given as
^  = ne JuQ v (e)f(e) de , ...(2.10)
at  v J lX
x  wiX
w here n e is the local electron num ber density; nx is the  num ber density  
of m olecules of type X; wiX is the  threshold  energy; and  v is the  electron
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velocity  w ith  an  energy  e. The e lectron  velocity  d is tr ib u tio n  will 
approxim ate  the  M axw ellian function a t the  electron tem p era tu re  Te 
which is s ta ted  as being comparable to, b u t not identical w ith, the  heavy 
p artic le  tra n s la tio n a l tem p era tu re  T. As a f irs t  approxim ation , the  
tem p era tu res  T and  Te are  assum ed by Lin and Teare to be equal when 
estim atin g  the  electron im pact ionisation  ra te . W ith  th is  assum ption  
equation 2.10 is re-w ritten  as
3/2
Y , n x  J e  d e  • - (2-1:L)
*  wiX
w here m e is the  electron m ass.
T ate  an d  S m ith  (1932) m easu red  th e  io n isa tio n  cross sections of 
electron  im pact w ith  the  diatom ic m olecules N 2, 0 2, and  NO. T heir 
m easured  cross sections exhibit the  rap id  rise  to th reshold  followed by a 
m onotonic decrease  w ith  in c reas in g  electron  energy. The e lectron  
ion isation  cross sections for atom ic N and 0  are  not as well know n as 
th e ir m olecular counterparts. The cross section versus electron energy 
curve for diatom ic m olecules and  noble gases a re  show n to be quite  
s im ila r except for th e  d iffering  th re sh o ld  energ ies in  each  case. 
M assey and  B urhop have compiled the  availab le  d a ta  on collisional 
io n isa tio n  by n e u tra l  a tom s, ions an d  m olecules. L ooking for 
correlations in  th is  da ta , i t  is evident th a t, w ith  th e  exception of the  
io n isa tio n  p o te n tia l, th e re  is no th re sh o ld  energy  below  w hich  
ion isation  is not possible, and  for positive ions, the  cross section is 
exceedingly  sm all up  to energ ies considerab ly  g re a te r  th a n  th e  
ionisation potential. In  com parison w ith  the  electron im pact ionisation 
processes, ion im pact ionisation  will be insignificant. Since the  cross
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section versus electron energy curve for diatom ic m olecules and  noble 
gases are  shown to be sim ilar, L in and  T eare s ta te  th a t  it  is reasonable 
to assum e th a t  the  cross section for ionisation by electron im pact for N 
and  O follow th is  p a tte rn  and  exhibits sim ilar curves b u t w ith  different 
th resho ld  energies.
2.2.3 Photoionisation
Ionising reactions by photoionisation are  of the  form
hv  + X  <=> X ++ e . ...(R6)
A ra d ia tio n  field  of su ffic ien tly  sh o rt w av e len g th  w ill p roduce 
ionisation. The energy of an  incident photon hv m ust of course be equal 
to, or exceed, the  firs t ionisation  potential. M ost atom ic system s have 
th e ir  thresholds in  the  ultraviolet. The cross section for photoionisation 
rises asym pto tically  a t th resho ld  and  as w ith  th e  electron collisional 
ion isa tion , falls off w ith  in c reas in g  photon energ ies. M ultipho ton  
ion isation  is possible although  the  in tense  rad ia tion  fields requ ired  to 
cause ion isation  from  a rea l or v irtu a l excited s ta te  before decay are 
usually  obtained only w ith lasers and  are  not found in  the  shock tube. 
Photo ionisation  stud ies have been carried  out in  a ir  by W eissler et al 
(1952) and Po Lee (1955).
L in and  Teare (1963) express the  ra te  of ion p a ir  production per u n it 
volume due to photoionisation (reaction R6) behind a shock front by
^  = c l« !  J Q^fx(v)ndv...(2 .12)
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w here c is the  speed of light; Qfx(v) is the  photoionisation cross section 
for type X m olecules a t  a rad ia tio n  frequency v; and  n(v) dv is the 
num ber density  of photons w ith  frequencies betw een the in te rva l v and 
v+dv.
The photo ionisation  cross section deduced from u ltrav io le t absorption 
studies of N 2, 0 2 and  NO by W eissler and  Po Lee (1952) and Po Lee (1955) 
have show n th a t  the  cross section rises sharp ly  from  th resh o ld  and 
a tta in s  a peak  a t approxim ately 2 x 10'17 cm2 and, as w ith  the  electron 
im pact ion isa tion  process, decreases w ith  increas ing  photon energy. 
The functional form  of the  photoionisation cross sections for the  atomic 
species are  s im ila r to th e ir  m olecular c o u n te rp a rts  a p a r t  from  the 
d iffe ren t th re sh o ld  energ ies . T h is conclusion is d raw n  from  the 
observed cross section of m onatom ic gases.
C am m  et al (1962), H äm m erlin g  (1960) and  P e n n e r  (1959) have 
u n d e r ta k e n  e x p e rim e n ta l a n d  th e o re tic a l in v e s tig a tio n s  of the  
u ltrav io le t rad ia tio n  em itted  behind  strong  shock waves in  a ir. They 
conclude th a t  m ost of the  far u ltrav io le t rad ia tion  em itted  comes from 
the  b' 1 ^  —> X  tran s itio n  in  N 2. G reen and  B a rth  (1965) use 
experim en tal d a ta  on electron in e lastic  collisions in  the  atm osphere, 
together w ith  a generaliza tion  of the  Born approxim ation, in  o rder to 
model the  excita tion  and  ion isation  cross sections in  N 2. A re su lt of 
these  calculations, is th a t  a large fraction of the  collision energy ends 
up in  u ltrav io le t em ittin g  s ta te s . They suggest th a t  the  dom inan t 
ra d ia tio n  e m itte r  in  th e  fa r  u ltra v io le t is the  la rg e  cross section 
(2.2 x 10*16 cm2) tran s itio n  (the Birge-Hopfield bands)
in  N 2 observed by H uffm ann et al (1963) which is coincident w ith  the
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tra n s itio n  in  N 2 a t 12.9 eV. L in and  T eare  (1963) 
express th e  to ta l in ten sity  of th is  rad ia tio n  per u n it a rea  of the  shock 
front in  the  form
I =
t i n ,  expl-E*/kT*)
-------- ----------------- E L
2( Tr + Tc)
...(2.13)
w here n N2 is an  averaged  num ber density  of N 2 in  the  shock fron t 
reaction  region; E*= 12.9 eV is the  energy difference betw een the  two 
electronic sta te s  of N 2 (the W orley bands); L is the  effective th ickness of 
th e  reac tio n  region; xr and  xc a re  th e  rad ia tiv e  life tim e and  th e  
collisional de-excitation tim e, respectively, of th e  b s ta te  of N 2; 
and  T* is the  excita tion  tem p era tu re  for the  electronic s ta te  of N 2. 
(Equation 2.13 neglects absorption and re-em ission, th a t  is, th e  p lasm a 
is assum ed to be optically th in .) By p u ttin g  Qfx(v)=2 x 10'17 cm2 (which 
is the peak photoionisation cross section observed by Po Lee, 1955) for all 
photon energies above th resho ld  they  obtain  from  equations 2.12 and 
2.13
dn,m 20(n0 + nN0)nN, , g./jfer*) 
dt 8( T- +  Tc) 1 >
Xnx in  equation  2.12 h as now been replaced by (n0 + n N0) since only 
photons of energy 12.9 eV have sufficient energy to ionise the  0 2 and  NO 
m olecules. All o th e r  species (and  th e  re a c ta n t  p ro d u cts) have  
ion isation  p o ten tia ls  beyond 12.9 eV. See tab le  2.1 for th e  re lev an t 
ionisation potentials.
Species Ionization potential (eV)
N 14.53
0 13.614
N+ 29.593
0 + 35.108
n 2 15.576
o2 12.20
NO 9.26
A r. 15.755
A r+ 27.62
H 13.595
h 2 15.422
Na 5.138
Fe 7.87
Cr 6.764
Ni 7.635
Table 2.1
Ionisation potentials for the atoms, molecules and ions present in 
shock heated air in the experiment. Hydrogen is included as it is 
used in the Stark broadening experiments and Na, Fe, Ni and Cr 
since they are the dominant impurities.
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In  order to arrive a t  an  estim ation  for the  ionisation ra te  from equation 
2.14, L in and T eare take  from H äm m erling  (1960) the  suggested values 
for xr and xc as
r r = 4 x 10'9 sec ...(2.15)
an d
Tc = ( un2 C n2 Qn ) 1, ...(2.16)
w here C;v2=(8kT/7nnN2)1/2 is the  m ean therm al velocity of N2 molecules, 
and  m N2 is the  m ass of the  n itrogen molecule.
2.2.4 Charge exchange
At low energies, atom ic or m olecular collisions w ith  negative ions m ay 
lead  to th e  a n n ih ila tio n  of th e  in itia l ion w ith  th e  s im u ltaneous 
production of a new negative ion via the  process of electron exchange
A + B <=> B  + A  ...(R7)
or by the  negative ion-molecule reaction
A  -1- BC  <=> B ' + AC  , ...(R8)
w here A,B and C can be atom s or molecules. A com prehensive, b u t not 
complete, lis t of charge tran sfe r reactions are  given in  appendix B.
These reactions involve the  tran sfe r of a single charge from species to 
species and  so do no t affect the  n e t free e lectron  p roduction  ra te  
im m edia te ly  beh ind  th e  shock front. H ow ever a t  la te r  tim es (and
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therefo re  fu r th e r  d istances) beh ind  the  shock front, the  electron-ion 
recom bination reaction  ra te s  will become com parable to the  ionisation 
ra te s . In  th e  case w here  d iffe ren t recom bina tion  p rocesses have 
differing ra te s  (for exam ple, rad ia tiv e  recom bination  for atom ic ions 
v e rsu s  d issoc ia tive  recom bina tion  for m o lecu lar ions) th e  charge 
tra n s fe r  reactions m ay become im p o rtan t. The d iss im ila r ra te s  for 
recom bination could influence the  electron num ber density  profile via 
th e  con tinuous resh u fflin g  of th e  re la tiv e  popu la tions am ong the  
different positive ions.
Inform ation  on the  ra te  constan t for the  charge exchange reactions is 
very  lim ited. C hristophorou (1971) has assem bled a lis t of au tho rs who 
have stud ied  the  reactions R7 and  R8. The lim ited  experim ental da ta  
suggests th a t the  cross section for these reactions w ith  collision p a rtn e r 
energ ies of a ro u n d  1 eV is of th e  o rder 3 x 10 '16 c m 2, w hich  is 
com parable to th e  m om entum  tra n s fe r  cross section (Lin and  Teare, 
1963).
2.2.5 Electron attachment
The dom inan t electron a ttach m en t reactions th a t  a re  likely  to occur 
beh ind  h igh  en th a lp y  shock w aves in  low p ressu re  a ir  a re  lis ted  in 
appendix C. These reactions specifically involve 0 2 which has a very 
h igh  electron  affin ity . A lthough these  reactions have a m inuscu le  
effect on the  overall ionisation history, the  dissociation ra te s  of 0 2 and 
NO m ay be considerably influenced by these  reactions (a t high electron 
densities and  tem pera tu res). Atomic and  m olecular oxygen are known 
to have very high electron affinities (Burch, Sm ith & Branscom b, 1958; 
Pack & Phelps, 1966; C urran , 1961; E vans & U ri, 1949). I t  has been 
suggested (C hristophorou, 1971) th a t  a two step process is responsible
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for the  electron a ttach m en t to the  0 2 molecule. In  the  in itia l phase of 
the  reaction  schem e, the  a ttach m en t of a low energy electron to 0 2 in 
the  ground v ibrational s ta te  (v=0) of its  ground electronic s ta te  (X  X* ) 
leads to the  form ation of an  unstab le , v ibrationally  excited negative ion 
in its  v = l v ibrational sta te , th a t  is,
3fc
O2 (v=o) + e => (0'2) ( v=j ) 9
w here th e  a s te risk  ind icates th a t  the  molecule is in  an  excited sta te . 
This v ib rationally  excited ion th en  undergoes v ib rational de-excitation 
via a  collision w ith  a th ird  body X, th a t  is,
f 0 2 / ( 0=!) + X  «  (O2) (v=0) + X* .
If  the  collision does not occur, the  excited s ta te  ion will autoionise as 
decay by rad ia tion  will not proceed preferentially . W ork on the  electron 
affinities of 0 2 (Pack & Phelps, 1966), has shown th a t  a two step process 
for electron a tta c h m e n t to 0 2 m ay be consisten t w ith  the  th ree  body 
reaction
@2 (v=o) + e + S  <=> ( O2) (u=o) + S  .
In th e ir  reaction  sequence, Pack and Phelps have suggested th a t  S m ay 
be e ith er an  atom  or m olecule. How ever w hen S is an  atom , excess 
energy from th e  th ree  body reaction  appears as tran s la tio n a l energy 
and  w hen S is a m olecule, some of th e  excess energy  ap p ea rs  as 
in te rn a l energy of the molecule.
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The reaction  schem es discussed above are  low energy, non-dissociative 
e lectron  a tta c h m e n t p rocesses. H ow ever, h igh  energy , two body 
electron a ttachm en t reactions of the  form
e~ + NO  -> 0~ + N*
can also proceed in  the  environm ent un d er consideration.
W ilson (1966) studied the  ionisation ra te  behind high speed shock waves 
in  a ir  by observing the  in fra red  em ission around 6 pm, w here m ost of 
the  rad ia tio n  is due to the  free-free B rem sstrah lu n g  processes. By 
m easu ring  the  slope in  the  in fra red  em ission signal, W ilson w as able 
to in fer an  ionisation distance. The ionisation tim e w as defined as the 
tim e a t which a line draw n th rough  the  m axim um  slope of the  in frared  
signal reached  peak signal. T his tim e w as m ultip lied  by th e  shock 
velocity to give the  ion isation  d istance. These re su lts , together w ith  
W ilson’s theore tical w ork and  th a t  of L in & T eare, a re  p resen ted  in  
figure 2.1. T his p lo t provides an  ind ica tion  as to th e  m ost likely  
reaction sequences leading  to ionisation for given shock velocities.
2.3 The em issive properties of shock  
heated air
Kivel et al (1957) p resen t a theoretical analysis th a t  allows an  estim ate  
to be m ade of the  em issivity from the constituen ts of shock heated  air. 
In  th e ir  analysis, they  assum e th a t  the  strongest tran s itio n s from the 
high v ib rationa l levels of the  electronic ground s ta te  go to the  low er 
v ib rational levels of th e  electronically excited upper s ta te . W ith th is
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Figure 2.1
Theoretical and observed ionization distances behind shock 
waves in air. Figure is reproduced from Wilson (1966).
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assum ption, they approxim ate a ll upper v ib ra tion a l energy levels by the 
low est v ib ra tio n a l levels o f the upper e lectronic states. They concede 
th a t th is  assum ption is no t s tr ic t ly  correct and indeed contradicts other 
assum ptions used in  th e ir  ana lys is . H ow ever, the assum ption  is 
useful in  m ak ing  an estim ate o f the em issiv ity.
W ith  th is  assum ption, Penner (1959) derives the effective em iss iv ity  eeff 
from  the NO molecule as
£ e ff 3.6  x  106
f
exp
V
-he co A  
k T  J
...(2.17)
where E0 = hcco0 is the energy o f the lowest v ib ra tion a l level o f the upper 
e lectronic state m easured re la tive  to the ground electron ic state, 5 is 
the th ickness o f the plasma; \j/ is the num ber o f NO molecules; f  is the 
o sc illa to r s tre n g th  o f the tra n s it io n  and p /pQ is the no rm a lized  a ir  
density (pQ is the density  a t S.T.P). Penner acknowledges th a t equation 
2.17 may be applied to a ll extensive band systems; the ß-bands o f NO, the 
Schum ann-Runge bands o f 0 2 etc. The spectra l d is tr ib u tio n  o f th is  
em iss iv ity  is obtained by d iffe ren tia tin g  equation 2.17 w ith  respect to co0 
and is found to be p ropo rtion a l to co0= E 0/hc. Th is  im p lies  th a t the 
e m is s iv ity  is  homogenous over the v is ib le  and U V  regions o f the 
spectrum. Th is  analysis has been shown to be w ith in  a factor o f two of 
a more complex trea tm en t o f the problem  (K ive l et a l, 1957).
Fo r band systems (the v ib ra tio n -ro ta tio n  bands o f NO, N 2, N 2+ etc) 
Penner derives
/  _ \
lPoJT,4 exp
-hccoIs 
k T  j£ eff,i ~  f c i V i
...(2.18)
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for the effective em issivity coming from the ith band  system  w here q  is a 
c h a ra c te r is t ic  c o n s ta n t t h a t  in c lu d es  a ll th e  fac to rs  t h a t  a re  
independen t of p ressu re  and tem pera tu re . C learly  th is  is no longer a 
function uniform  over the  entire  spectrum . E quations 2.17 and  2.18 are 
com pared by P enner and  a re su lta n t single rela tion ,
is derived for the  em issiv ity  of ho t air. T able 2.2 is reproduced from 
P e n n e r  an d  gives th e  v a lu es  for th e  c h a ra c te r is tic  c o n s ta n t q , 
e lectron ic  ex c ita tio n  te m p e ra tu re  Tj, w aveleng th  X^  and  oscilla to r 
s tren g th  fj for the  species. Nj is the  num ber density  of m olecules per 
u n it volume in  the  ith upper sta te . I t is clear th a t  the  strongest em itters 
are  the  firs t negative  system  of N 2+ and  the  f irs t and  second positive 
system s of N 2. I t is s ta ted  th a t  for the 0 2 Schum ann-R unge bands; the 
NO ß and  y bands; the  N 2 firs t and  second positive bands; and  the  N2+ 
first negative bands, th a t  the  values for fj given in  table 2.2 were correct 
to w ith in  th e ir  quo ted  e rro r  and  th a t  over th e  sp ec tra l in te rv a l 
considered, th e re  w as no sign ifican t dependence on th e  w avelength , 
tem pera tu re  or density.
The strongest atom ic em itte rs , n itrogen , oxygen and  th e ir  respective 
ions, rep resen t the  only atom ic constituen ts of shock heated  air. The 
strongest tran s itio n s  in  n itrogen  lie in  the  UV region of the  spectrum  
around 120.0 nm. T here are  tran sitions th roughou t the  visible b u t they 
a re  re la tive ly  w eak, proving to be a lit t le  s tro n g er in  the  in frared . 
S im ilarly , th e  s tro n g e s t em itte rs  in  atom ic oxygen lie in  th e  UV.
with ...(2.19)
Specie D esignation Cj (cm '1) T, (K) Hi ft \  (Jim)
o 2 S ch u m an n  R unge 104 70,500 5 0.015
NO y-band 103 65,000 5 0.0025
NO ß-band 3 .2 x l0 3 65,000 5 0.008
n 2 2nd positive 2 x l0 5 129,500 4 0.1 0.33
n 2 1st positive 1.5xl03 90,000 4 0.04 0.8
n 2+ 1st negative lx lO 4 36,000 4 0.1 0.4
0 2+ 2nd negative 3 x l0 4 55,000 4 0.1 0.25
Table 2.2
Values of c it T[y nL, /*• and A . for equation 2.19 for the 
predominant emitters in shock heated air. The first negative 
bands of Njand the first and second positive bands of N^have 
amongst the lowest characteristic temperatures and highest 
oscillator strengths.
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How ever, th e re  ex ist a series of strong  tran s itio n s , th a t  a re  h ighly  
popu la ted  a t  th e  ex p erim en ta l conditions of in te re s t, in  th e  n e a r  
in frared  around 777.0 nm .
F igures 2.2, 2.3 and  2.4 show the  im portan t po ten tial wells responsible 
for th e  dom inan t rad ia tio n  em itted  by shock h ea ted  a ir. F igure  2.2 
show s th e  m o lecu la r d iag ra m  for N 2 and  N 2+. The arrow s are  
ind icative  of th e  s tro n g est em ittin g  bands w hich are , in  descending 
order, the  firs t negative band  of N 2+ and  the  firs t and  second positive 
b ands of N 2. F ig u re  2.3 p re sen ts  th e  m olecu lar d iag ram  for th e  
Schum ann-R unge tra n s itio n  of 0 2 and  figure 2.4 shows the  po ten tia l 
energy  d iag ra m  for th e  NO m olecule, h ig h lig h tin g  th e  ß and  y 
tran s itio n s . T ogether w ith  these  p o ten tia l curves various repu lsive  
po ten tials are  draw n. These po ten tia ls can act to decrease (drain) the 
am ount of em ission via the  predissociation  of m olecules from a given 
sta te . The Schum ann-R unge tran s itio n  is especially vulnerab le  to th is 
process as the  repulsive 3n  po ten tial in te rsec ts  the  upper level of the 
Schum ann—Runge system  a t a low v ib rational level (v'=2). T his will 
have a d irec t consequence on th e  em ission  e m an a tin g  from  th ese  
levels. The first positive system  of N 2 has two such potentials, 5X and 7£ 
bu t th e ir effect on the  overall em ission is substan tia lly  less th a n  th a t  in  
0 2 as they  in te rsec t the  upper levels a t substan tia lly  h igher v ibrational 
s ta tes (v'>12). S im ilarly , the  ß band in  NO has the  2L repulsive s ta te  
which in tersects the  B2n  level, b u t a t the  in tersection  point a t v '=7, the 
effects on th e  overall em ission  com ing from  th is  level is, again , 
com paratively  sm all.
The conclusions d raw n  from  the  foregoing discussion  on ion isa tion  
and em issivities are  th a t  the  dom inant ionising reactions around  the
N( S)+N ( P)
N( S)+N( D)
N( S)+N( S)
In tern u clea r  d is ta n ce  r(Ä)
Figure 2.2 +
Potential wells for the N 2 cind N2molecules; the dominant 
radiating transitions, are shown. The repulsive potentials acting 
as a drain via predissociation are also shown.
0 (^>)+0(3P)
o
Internuclear distance r(A)
Figure 2.3
Potential wells for the Ö2 molecule. The dominant radiating 
transition is shown. The strong repulsive potential acting as a 
drain via predissociation is also presented.
N( S)+0( P)
Internuclear distance r (A)
Figure 2.4
Potential wells for the NO molecule. The dominant radiating 
transitions (ß&y) are shown. The repulsive potential acting as a 
drain via predissociation is also presented.
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velocity regim e of in te res t in  the  p resen t investigation is the associative 
ionisation  reaction
N + O ++ NO+ + e'
which will be com peting w ith  the  electron im pact ionising reactions,
N + e' +-> N4- + e‘ + e ' ,
O + e o  O + e + e ,
as well as the  associative ionising reactions,
N + N  ++ N2+ + e ' ,
O + O +-> 02 + g ,
as the  tem pera tu re  increases. From  the  discussion i t  is a p p aren t th a t  
th e  shock velocity a t  w hich th e re  exists a change in  the  dom inan t 
ionising process is approxim ately  9.5 k m s '1. Since the  experim ents in  
the  p re se n t w ork a re  being  conducted a t  p rim arily  10 kms*1, i t  is 
evident th a t  no single reaction  will be strongly dom inant and  th a t  the  
th ree  aforem entioned ionising reaction  sets will be in  com petition.
In  em ission , th e  N 2+ m olecule is th e  s tro n g e s t ra d ia to r  over th e  
spectral region of in te res t. The firs t negative band  of N 2+ dom inates 
w ith  the first and  second positive bands of N 2 significantly  contribu ting  
to th is  em ission. E m ission  from  th e  Schum ann-R unge b an d s, as 
in tense  as i t  is, is below the  w avelength  of tran sm iss ion  th rough  the 
optics employed in  the  experim ent.
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Chapter 3
THE TWO-TEMPERATURE 
KINETIC MODEL
3.1 Introduction
This chap ter d iscusses in  deta il the  tw o-tem perature  k inetic  model for 
ionising a ir  developed by P a rk  (1989). The need for such a  model is 
h ig h lig h ted  w ith  specific reference  to th e  ca lcu la tion  of th e  flow 
conditions a t  th e  fligh t regim es of the  proposed ae ro assis ted  orb ita l 
tra n s fe r  vehicles. The problem s suffered by one-tem pera tu re  m odels 
are  discussed and  the  corrections m ade to the s tan d ard  v ibration  model 
a re  exam ined. The reac tio n  k in e tics  th a t  P a rk  considers in  h is 
tw o—te m p e ra tu re  m odel a re  d e ta iled , an d  th e  io n is in g  rea c tio n  
processes P a rk  encom passes in to  his model a re  discussed in  lig h t of 
the  ionising reaction  processes addressed  in  ch ap ter 2. The reaction  
ra te  coefficients and  ra te  controlling tem p era tu re s  are  exam ined and  
com pared w ith  those from a one-tem perature  chem ical nonequilibrium  
model (V ardavas, 1984).
3.2 The need for a multi-temperature 
kinetic model
In  o rder to develop an  ae ro assis ted  o rb ita l t ra n s fe r  vehicle, a fa r 
g re a te r  u n d e rs ta n d in g  of the  chem ical k ine tic  processes occurring  
beh in d  th e  h ig h  en th a lp y  shock w aves assoc ia ted  w ith  i ts  fligh t
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through the earths atmosphere, is required. It is proposed th a t such 
vehicles will operate a t perigee altitudes of approximately 80 km. At 
these altitudes, the air pressure is low, of order 13 Pa. Furthermore, 
the AOTV's operational speed is, at perigee, of the order of 10 kms*1. At 
such conditions, the flow field associated with the shock layer are 
expected to be in a state of both chemical and thermal nonequilibrium.
The chemical kinetics affect both the aerodynamic characteristics of 
the AOTV as well as influence the heat transfer rates. The chemistry 
affects the aerodynamics of an AOTV in two areas. It has a bearing on 
the allowable location of the centre of gravity of the AOTV, and affects 
the trim  angle of attack (cm= 0) of the vehicle.
Figure 3.1, reproduced from Park  (1987b), shows the theory of 
W eilmuenster and Hamilton (1986), together with the experimental 
data of Edwards et al (unpublished but quoted by W eilmuenster and 
Hamilton) for the pitching moment coefficient cm versus the trim  angle 
of attack 9, for the raked-off blunted elliptic cone geometry proposed for 
the aeroassisted orbital transfer vehicle. As is clear, there is a 
dependence on the pitching moment to the ratio of specific heats y, that 
is, the trim  angle of attack is functionally dependent on the chemical 
properties of the gas. This is understood, as changes in y result in 
changes in the local shock angle due to the increased density in the 
shock layer. Figure 3.2 shows the dependence of the shock layer 
thickness on the distance along the axis of a 45° half angle cone. The 
figure is taken from Spurk (1970). The circles and squares refer to the 
upper and lower sides of the cone, respectively. These results are 
compared with theoretical calculations with frozen and equilibrium
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Figure 3.1
The pitching moment coefficient of the Aeroassist Flight 
Experiment model versus the angle of attack for three different 
gases. It is noted that the trim angle of attack is a sensitive 
function of the chemical property of the gas. The plot is 
reproduced from Park (1987b).
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Figure 3.2
Comparison o f the theoretical and experimental shock layer 
thickness over a 45 degree cone at zero angle of attack in Ö2. The 
plot is reproduced from Spurk (1970).
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flow conditions un d er consideration.
As is evident, and  expected, the  experim en tal shock lay e r th ickness 
n ea r the  tip  of the  cone is close to the  theoretical shock layer th ickness 
based on a frozen calculation. A t g rea te r d istances along the  cone, the  
shock ang le  d ecreases  a n d  th e  m ea su re d  shock la y e r  th ic k n ess  
approaches th e  value  p red ic ted  by an  equ ilib rium  flow calculation . 
Since the  w all p ressu re  is functionally  dependen t on th e  local shock 
angle, i t  too is decreasing  along th e  cone. T his effect re su lts  in  a 
positive p itching m om ent (nose up) to act on a lifting  body. I t is clear 
th a t  in  o rd e r to accoun t for such  aero d y n am ic  p ro b lem s, an  
u n d e rs ta n d in g  of th e  flow ch em istry  is e sse n tia l. C urve 3 w as 
calculated via a finite ra te , o n e -tem p era tu re  analysis w ith  v ib rational 
ex c ita tio n  in  eq u ilib riu m . C urves 3 and  4 (curve 4 b e in g  th e  
equilibrium  case), a re  sufficiently close to be tak en  as being equal. This 
im plies th a t  the  shock lay e r th ickness m ore read ily  agrees w ith  the  
frozen calculation (curve 1), th a n  a finite ra te  value. The conclusion is 
d raw n th a t  the  chemical ra te s  are  slower th a n  those derived from the 
finite ra te  calculation. O ther experim ental d a ta  dem onstra te  sim ilar 
resu lts (Park, 1987b).
The deviation of experim ent from  theory  arises from the fact th a t  the 
v ib rational re laxation  is slower th a n  a one-tem peratu re  m odel would 
pred ict and  th a t  the  dissociation ra te  is dependent on the  v ib rational 
te m p e ra tu re , th a t  is, m u lti- te m p e ra tu re  p rocesses a re  occu rring  
s im u ltan eo u sly , re s u ltin g  in  th e  observed  d isp a rity . As s ta te d  
previously, these  problem s no t only affect th e  aerodynam ics of the  
AOTV, b u t also th e  h e a t tran s fe r . U nlike th e  Apollo vehicle, the  
proposed AOTV will employ a large, non-ab lative  h e a t shield. The
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n o n e q u ilib r iu m  reg ion  beh ind  the  shock wave associated w ith  the 
AO TV  is expected to produce a s ign ifican t ra d ia tio n  fie ld . Because of 
th is , i t  w il l be essential to obtain an understand ing o f the ra d ia tive  heat 
fluxes. Th is again requires a knowledge o f the chemical k ine tics.
U n t i l  recently , m ost chem ical n o n e q u ilib r iu m  models fo r io n is in g  a ir  
have  n e g le c te d  th e rm a l n o n e q u il ib r iu m  e ffec ts . T h e rm a l 
n o n e q u ilib r iu m , a s itu a tio n  w here  the  tra n s la t io n a l, v ib ra t io n a l, 
ro ta tio n a l and exc ita tiona l modes cannot be characterized by a single 
tem p e ra tu re , has an a ffec t on the  ch e m is try  o f the  flow . As a 
consequence o f the  g re a tly  v a ry in g  reaction  ra tes  occu rring  w ith in  
reactive gas flows, the so lu tion  o f the re levan t chemical ra te  equations 
is prob lem atic , as the equations are rendered “ s tif f” . The stiffness is 
due to specific chem ical reactions th a t proceed a t rates su b s ta n tia lly  
fa s te r  th a n  those o f th e  b u lk  flo w  p ro p e rtie s . U n d e r such 
circum stances, a la rge  negative eigenvalue appears in  the Jacobian 
m a tr ix  associated w ith  the problem. Vardavas (1984) has developed an 
ite ra tive  method fo r solving the flow  conditions o f the gas th a t overcome 
the problem  o f stiffness. The model does not include effects o f ra d ia tio n  
losses, heat conduction or v iscosity and the v ib ra tio n a l tem pera tu re  o f 
the m olecular constituents are taken as being equal to the tra ns la tio na l 
tem pera tu re  or can be set to a g iven frozen value. The chem ical and 
the rm odynam ic  p rope rties  o f the  gas beh ind  the  shock fro n t are 
de term ined in  the model by so lv ing  coupled gas dynam ic equations 
together w ith  coupled concentration ra te  equations.
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3.3 A three-temperature description
O ne-tem pera tu re  m odels assum e, by definition, th a t  all th e  in te rn a l 
m odes of energy (ro ta tion , v ib ra tion , electronic excitation) and  the  
tran s la tio n a l energy, a re  all characterized  by th e  sam e tem p era tu re . 
In  the  m onatom ic regim e it  is well known th a t  th e re  are  two d istinc t 
te m p e ra tu re s , th e  heavy  p a rtic le  te m p e ra tu re  T a and  th e  electron 
tem p e ra tu re  Te, controlling the  reaction  kinetics. This h as  been well 
d e m o n s tra te d  in  ion ising  argon  by P e tsch ek  & B yron (1957) and  
O ettinger & B ershader (1967). Any m ulti-tem peratu re  model for shock 
heated  a ir  should address five independent tem pera tu res:
i) the  heavy particle transla tional;
ii) the  rotational;
iii) th e  vibrational;
iv) th e  electronic excitational; and
v) the  electron tran sla tio n a l tem pera tu res.
Lee (1985) has proposed a th ree  tem pera tu re  kinetic model for ionising 
air. He considers the  case where the  ro tational tem pera tu re  Tr and the 
heavy  p a rtic le  tra n s la tio n a l  te m p e ra tu re  T a re  equal, u n d e r  th e  
a ssu m p tio n  th a t  th ese  te m p e ra tu re s  rap id ly  converge. R o ta tio n a l 
degrees of freedom  are  very rapid ly  excited since Tr ~ 2K. Appleton and 
B ray  (1964) have show n th a t  th e re  is a slow ra te  of energy tra n s fe r  
betw een electrons and  heavy particles due to th e ir large m ass disparity . 
Lee therefore allows the electron tem pera tu re  Te and the  heavy particle 
tran s la tio n a l tem p era tu re  T to deviate in  his model. The v ib rational 
tem p era tu re  Tv is allowed to differ from both  T and Te since the  tim e 
required  for energy exchange betw een the  heavy particle, electron and
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vibrational modes is relatively  long. The electronic levels are  excited to 
th e ir  B oltzm ann d istribu tions based on the  electron tem p era tu re . The 
conservation equations for th is  model a re  given by Gnoffo et al (1989) 
(taken  from Lee, 1985) and are as follows3:
Species Conservation :
...(3.1)
w here  (1) is the  ra te  of change of m ass of species s per u n it volume 
in  a cell centred a t  a point xü;
(2) is the  flux of m ass of species s convected across cell 
walls w ith velocity u);
(3) is the  diffusion of species s across, the  cell wall;
(4) is the  m ass production ra te  of species s due to chemical 
reactions;
ws is th e  m ass ra te  of p roduction  of species s; D s  is th e  effective 
diffusion coefficient for species s; p is the  to ta l density; ps is the  density  
of species s and  ys is the  mole fraction of species s.
Mixture Momentum Conservation :
d i  d  i i _ p u  + UJ
T ' 2 '
dp + d dul du-j'
dxj
— -  + — -  
KdxJ dx1 j
3
4
2 duk sii— u --- r 5 J
r  dxk
.(3.2)
w here (1) is the. ra te  of change of the ith com ponent of m om entum
3 In the following equations, the super/sub scripts i and j refer to components in general orthogonal 
components. Gnoffo et al  describe the reactions as occurring within a cell of finite volume.
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per unit volume in a cell centered at point xü;
(2) is the flux of mass of the ith component of momentum 
convected across cell walls with velocity ui;
(3) is the pressure forces acting on cell walls in the ith 
direction;
(4) is the viscous force acting on cell walls in the ith 
direction;
p is the pressure; 1 is the total viscosity; and is the Kronecker delta.
Vibrational Energy Conservation :
d d j  d ( cTv\  d
d t ^  + a  i  pe',u J + dxJ
1 ' 2 ' ' 3 ' '----
11
V 3 = 1  d c
Y  {e»,S e v,s) ^  (e t’,3 e U,s) ^  . -
+ L  P ' - i - S -  + X  / -  \ + L * s D s
s=mol \  i s /  s=mol \ 1 es/  s -m o l
‘ V J  v  V .............J
5 6 7 ...(3.3)
where (1) is the rate of change of the vibrational energy per unit 
volume in a cell centered at point xf);
(2) is the flux of vibrational energy convected across cell 
walls with velocity ui;
(3) is the conduction of vibrational energy across cell walls 
due to vibrational temperature gradients;
(4) is the diffusion of vibrational energy across cell walls 
due to molecular concentration gradients;
(5) is the energy exchange between vibrational and
translational modes due to collisions within cells;
(6) is the energy exchange between vibrational and
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electronic modes;
(7) is the  vibrational energy lost or gained due to 
dissociation or recom bination w ith in  a cell; 
ev is the  v ib rational energy; rjv is the  frozen th e rm al conductivity  for 
v ib ra tiona l energy due to m olecular collisions; Tv is the  v ib rational- 
electron-electronic tem pera tu re ; h v s is the  v ibrational en thalpy  per u n it 
m ass of species s; e*v s is the  v ibrational energy per u n it m ass of species 
s a t  tem p era tu re  T; ev s is th e  v ib ra tiona l energy p er u n it  m ass of 
species s; e**v s is th e  v ib rational energy per u n it m ass of species s a t  
tem p era tu re  T e; <xes> is the  electronic v ib rational re laxation  tim e for 
species s; <xs> is th e  tra n s la tio n a l v ib ra tio n a l re lax a tio n  tim e  for 
species s; and  Ds is the  average v ib rational energy p er u n it  m ass of 
molecule s.
Electron and Electronic Excitation Energy Conservation :
d_
dt
pee +  JLJ[uJ{pee + pe)] =  +
f  X V  \  
\  o x i  Jdx^  e dx^  ) dxj
3
[4^
Q _  W
+ 2 p ± R ( T - T e) £ - f
Z s=liKis
^  (e v,s e v,s)
4L * n e ,sIs  '  ^  P s  / \
s=6______s -m o l__________ \^gs)
Q rad
...(3.4)
w here  (1) is the  ra te  of change of the  electronic energy per u n it 
volume in a cell centered a t point xü;
(2) is the  flux of electronic en thalpy  convected across cell 
walls w ith velocity ui;
(3) is the  work done on electrons by an  electric field induced
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by the electron pressure gradient;
(4) is the conduction of electronic energy across cell walls 
due to the electron temperature gradient;
(5) is the diffusion of electronic energy due to concentration 
gradients;
(6) is the energy exchange due to elastic collisions between 
electrons and heavy particles;
(7) is the energy lost due to electron impact ionisation;
(8) is the energy exchange due to inelastic collisions 
between electrons and molecules in a cell;
(9) is the rate of energy loss due to radiative electronic 
transitions;
ee is the total electronic energy per unit mass of molecule s; pe is the 
electron pressure; rje is the frozen thermal conductivity for electron 
energy due to electron collisions; Te is the electron-electronic excitation 
temperature; he>3 is the electronic enthalpy per unit mass of species s; 
pe is the electron density; T is the translational temperature; R is the 
universal gas constant; ves is the effective collision frequency for 
electrons and heavy particles; Ms is the molecular weight of species s; 
ne s is the molar rate of production of species s by electron impact 
ionisation; Is is the first ionisation potential for species s; and Qrad is 
the radiative energy transfer rate.
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Total Energy Conservation :
d _ d r r  j  d ( dT dT„ 3T^  — pE  +  ----- r pHuJ =  -----J
dt dxJ
( u
dx^ P is—1 ax  ,
+
6bcj
ulp  ^dul  ^ d u ^  
cbc-j dxl
l u ^ ^ r  &  
3 * dxk Q rad6
...(3.5)
where (1) is the rate of change of the total energy per unit volume 
in a cell centered at point xü;
(2) is the flux of total enthalpy convected across cell walls 
with velocity ui;
(3) is the conduction of energy across cell walls due to 
temperature gradients;
(4) is the diffusion of enthalpy across cell walls due to
concentration gradients;
(5) is the work done by shear forces;
(6) is the rate of energy loss due to radiative electronic 
transitions;
E is the total energy per unit mass and H is the total enthalpy per unit 
mass; r\ is the frozen thermal conductivity for translational-rotational 
energy of the heavy particles.
Other multi-temperature models have been proposed in which the 
vibrational energies of individual species are characterized by their 
own tem peratures. Candler and MacCormack (1988) have 
demonstrated however, that there exists only small differences between
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the v ibrational tem pera tu res of the N 2 and 0 2 molecules in  flows over a 
b lu n t body. The th re e  te m p e ra tu re  m odel encom passed  in  th e  
foregoing  d iscu ssio n  is v e ry  com plex a n d  re q u ire s  m an y  ra te  
param ete rs  p resen tly  unknow n.
3.4 The two-temperature kinetic model
M ore recently , P a rk  (1989) has developed a tw o-tem pera tu re  k inetic  
model for ionising air, th a t  is applicable to the  flight conditions of the  
proposed AOTV. The tw o-tem perature  k inetic  model of P a rk  considers 
a reduced  se t of ra te  con tro lling  te m p e ra tu re s . As for th e  th ree  
tem p e ra tu re  model, th e  heavy p artic le  tra n s la tio n a l and  ro ta tio n a l 
tem p era tu re s  are  considered equal. B ird (1976) has show n th a t  the  
energy exchange betw een ro ta tio n a l and  tran s la tio n a l m odes is very 
ra p id , r e s u l t in g  in  th e i r  c h a ra c te r is t ic  te m p e ra tu re s  qu ick ly  
equ ilib ra ting  (as previously discussed, th is  is a re su lt of the  very  low 
ro ta tional excitation tem pera tu re).
A pp le ton  a n d  B ray  (1964) co n sid er a n  in d e p e n d e n t e le c tro n  
tem pera tu re  as a consequence of the large ratio  of the  atom  or ion m ass 
to the  electron m ass. Due to th e ir  large m ass d isparity , equ ilib ration  
betw een  th e  electron  tra n s la tio n a l tem p e ra tu re  and  heavy  p a rtic le  
tran s la tio n a l tem p era tu re  is slow. The low -ly ing  electronic s ta te s  of 
atom s and  m olecules, w hich hold m ost of the  electronic excita tion  
energy, are  read ily  excited, by electron im pact. Hence P a rk  assum es 
th a t  the  electronic excitation and  electron tran s la tio n a l tem p era tu res  
equilibrate rapidly. Furtherm ore , the v ibrational tem pera tu re  is taken  
as be ing  equal to th e  e lec tron  tra n s la tio n a l te m p e ra tu re . T his
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assum ption is based on the  fact th a t  the  electrons in te rac t strongly w ith 
the  v ibrational m otion of N 2 molecules, and therefore the  populations of 
th e  v ib ra tio n a l and  e lectronic levels e s tab lish  them selves a t  th e ir  
B oltzm ann values based on the  electron tem pera tu re .
The conserva tion  eq u a tio n s for th e  v ib ra tio n a l-e lec tro n -e lec tro n ic  
te m p e ra tu re  T v in  th e  tw o -tem p era tu re  m odel accoun t for th e  
following:
(1) the  v ibrational excitation by collisions w ith  heavy particles;
(2) the  e lastic  energy exchange betw een heavy partic les and  
electrons;
(3) the  loss of electron tran sla tiona l energy by electron im pact 
dissociation and ionisation; and
(4) gains and losses of excitation energy th rough  dissociation.
I t  is know n th a t  the  low -ly ing  electronic s ta te s  of bo th  a tom s and 
molecules are  populated according to the B oltzm ann d istribu tion  based 
on the electron tem pera tu re  P a rk  (1987b). As the  g rea tes t proportion of 
the  electronic excitation energy is held in  these low -lying s ta te s , even 
in  a nonequ ilib rium  flow, the  d is tr ib u tio n  of th ese  s ta te s  m ay be 
calculated using  the electron tem pera tu re . P a rk  (1987b) expresses the 
conservation of electron and electronic excitation energy by
dEe => -* / „  v 
— £ +  V.w(Ee+ p e) -V . fk t V Te + '£ e JL T J N iVi
i=l
• -  ^ ^
+ Ee- e N eE.w ,
...(3.6)
w here E e is the  sum  of the  electronic excita tion  energy and  k inetic  
energy of the  electrons; w is the  flow velocity; f  is the  electron gas h ea t
Chapter 3 : The two-temperature kinetic model 79
tran sfe r; ke is the  th e rm al conductivity by the  electron gas; Nj is the  
num ber density  of species i; Vj is the  diffusion velocity for species i and 
e is the  electron charge.
T his eq u a tio n  accoun ts for th e  effects on th e  e lec tron -e lec tron ic  
excitation energy per u n it volume due to the  work done on the  electrons 
by th e  e lectric  field induced  by the  electron  p ressu re  g rad ien t, the  
conduction  of e lectron ic  energy  due to th e  e lec tron  te m p e ra tu re  
g ra d ie n t an d  th e  chem ical k in e tic  reac tio n s . T h is e q u a tio n  is 
analogous to equation 3.4, the expression for the  electron and  electronic 
energy conservation in  the  th ree  tem pera tu re  model. The firs t te rm  on 
the  r ig h t h an d  side of equation  3.6, rep re sen tin g  the  conduction of 
electron tran sla tiona l energy into the  electron gas, is equivalent to term  
(4) of equation 3.4. Term  (5) of equation 3.4 accounts for the  diffusion of 
e lectron ic  energy  due to g ra d ie n ts  in  th e  co n cen tra tio n ; th is  is 
accounted for in  the second term  on the  righ t hand  side of equation  3.6. 
The fourth  te rm  rep resen ts the  ra te  of tran sfe r of electronic excitation 
energy by diffusion. This is equated  to term  (3) of equation  3.4. The 
th ird  term  on the  righ t hand  side of equation 3.6 is given by P a rk  as
w here v* is the collision frequency; m  ^ is the m ass of species i; ev£ is the 
average v ibrational excitation energy per molecule a t equilibrium ; eei is 
the  average  v ib ra tio n a l excita tion  energy pe r p a rtic le  i; N e is the
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electron num ber density; ev is the  average v ibrational excitation energy 
per molecule; and  qr is the  rad iative  power loss.
The tw o-tem perature  model (Park , 1985) is obtained by considering the 
s itu a tio n  in  w hich su b s ta n tia l ion isa tion  (>0.01%) occurs. In  th is  
in s ta n c e , th e  e lec tro n  t r a n s la t io n a l  en e rg y  a n d  th e  m o lecu la r 
v ibrational energies strongly couple, w ith  the  resu lt th a t  Te approaches 
Tv. P a rk  expresses the  conservation of v ibrational energy (of the  form 
of equation 3.3) by
w here E v is the  v ibrational energy.
U n d e r th e  a ssu m p tio n  th a t  Tv= T e, th e  energy  e q u a tio n  of the  
two—te m p e ra tu re  m odel (P a rk , 1986) is ob ta in ed  by coupling  the  
v ib ra tio n a l energy  co n serv a tio n  e q u a tio n  w ith  th e  e lec tro n  and  
electronic excitation energy conservation equations, to give
...(3.8)
d(E v + E e) 
dt
+ V.w (Ev + Ee + p e) -  -V . qv+ fkeVTe + y^ e ejN’iV
w here E v and  E e a re  the  excita tion  ra te s  of th e  v ib ra tio n a l and  
electronic modes, by the kinetic processes, respectively.
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The exp ress ion  fo r th e  co u p lin g  o f th e  v ib ra t io n a l and  the  
electron—electron ic exc ita tion  energy conservation equations fo r P a rk ’s 
tw o-tem pera tu re  model in  a ir  is expressed by Gnoffo et a l as
duj  d
- p e ,  *  -  . p , _  + J
( 11
p'Lhy.A^j
s= l
+ H  Ps
s=mol \ L SI
10 v 10K*-v) + 2 3 R ( T T v ) 1 ^  + . Qmd
s = l  3 3=6 s=mol
...(3 .10)
The fo re g o in g  d is c u s s io n  i l lu s t r a te s  th e  s h o rtc o m in g s  o f 
one—tem pera tu re  models in  describ ing  flow  behav iour a t cond itions 
characterised by a s ig n ifica n t degree o f th e rm a l no ne q u ilib riu m . A  
fu r th e r shortcom ing o f the one-tem perature model is th e ir  descrip tion 
o f v ib ra tio n a l exc ita tion  processes. The fa ilu re  o f the one-tem perature 
model to describe v ib ra tio n a l exc ita tion  a t h igh  tem peratures, and an 
im proved  descrip tion  inco rpo ra ted  in to  the tw o -tem p e ra tu re  model 
(hereafter re ferred to as the T T V model) is discussed below.
3.5 Vibrational excitation in  the TTV m odel
V ib ra tio n a l re la x a tio n  is n o rm a lly  described by the L a n d a u -T e lle r 
theory as described by the re laxa tion  equation
TVib
dEyib
d t
+ E
Vib
E
Vib,Equ
...(3 .11)
where xVib is the v ib ra tion a l re laxation  tim e in  excita tion o f v ib ra tio n  by 
heavy p a rtic le  co llis ions; EVib is the average v ib ra tio n a l exc ita tion
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energy per molecule; and  E Vib Eq is the  average v ib ra tiona l excitation 
energy per molecule a t equilibrium .
M illikan and  W hite (1963) have given the  vibrational relaxation  tim e for 
a m olecular species due to inelastic  collisions by heavy partic les, xVib, 
based on L andau-T eller theory for a tem pera tu re  range of 300 to 8000 K 
as
w here  p is th e  p re ssu re  in  a tm ospheres; T is th e  heavy  p a rtic le  
tran s la tio n a l-ro ta tio n a l tem pera tu re ; and  pm is the  reduced m olecular 
m ass of th e  colliding species. A is a p a ra m e te r  d ep en d en t on the  
molecule type (A=220 for N 2 & N2+, A=129 for 0 2 & 0 2+ and A=168 for NO 
& NO+).
E quations 3.11 and  3.12 fail a t h igh  tem p era tu res  for several reasons. 
The reasons are  as follows.
i) P a rk  (1987b) h a s  show n th a t  th e  forw ard  reac tio n  ra te  for 
vibrational excitation kf, given by the  usual A rrhen ius expression
w here D is the  dissociation energy and C is the  reaction  ra te  constant, 
im plies an  un rea lis tically  large  cross section for v ibrational re laxation  
a t tem p era tu re s  g rea te r th a n  8000 K, m uch g re a te r  th a n  th e  e lastic  
cross section. The TTV model assum es th a t the  effective cross section is 
an  order of m agnitude sm aller th a n  the  e lastic  cross section and  was
sec , ...(3.12)
kf  = C T nexp(-D/kT) ...(3.13)
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set a t 3 x I f f 16. T his value led  to sa tisfac to ry  ag reem en t betw een  
experim ental resu lts  in  a shock tube and  the theoretical predictions.
ii) Lee (1985) has shown th a t  a t these tem pera tu res, the  v ibrational 
re la x a tio n  ra te s  becom e sm a lle r  th a n  th a t  p re d ic te d  by th e  
L an d au —T elle r equation , and  th a t  th e  ra te s  resem ble  a d iffusion 
process.
iii) P a rk  (1989) has shown th a t  dissociation will occur p referen tially  
from highly excited v ibrational sta tes.
In  o rd er to ad d re ss  th ese  p rob lem s a t  h igh  te m p e ra tu re s , P a rk  
incorporated the  following m odifications into TTV model.
3.5.1 Correction to the vibrational excitation cross section
i) Corrections w ere m ade to the  re laxation  tim e of M illikan  and 
W hite  (1963) by deno ting  a lim itin g  cross section, a v a t  in fin ite  
tem pera tu re , and  observing th a t  the  relaxation  tim e x m ust be la rger 
th an  a tim e x ^  given by
^min
_L___
Nxoj:
...(3.14)
w here N x equals the  num ber density  of the  xth s ta te  and c here  is the 
average m olecular speed. P a rk  replaces the relaxation  tim e of equation 
3.12 w ith
T ^Vib ^min
...(3.15)
w here x now rep resen ts  the  v ib rational re laxation  tim e corrected for 
the  lim iting  cross section. I t has been shown by P a rk  (1985) th a t  the
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available experimental data for the vibrational relaxation time of 0 2 
over a temperature range of 5,000 to 8,000 K is in far better agreement 
with equation 3.15 than  with the equation of Millikan and White, 
equation 3.12. Furthermore he found tha t the most appropriate value 
for the limiting cross section ov, up to 62,000 K was
This cross section is shown to accurately reproduce the nitrogen data 
presented by Park (1986) as well as the air data considered in Park’s 
1989 paper. For low temperatures, equation 3.15 reduces to the usual 
Landau-Teller equation. Park employs the value for the vibrational 
relaxation time given in equation 3.15 in the TTV model.
3.5.2 Vibrational excitation as a diffusion process
ii) Lee (1986) solved the system of Master equations,
to obtain a multilevel electron-vibration energy transfer rate equation. 
In this equation nv is the number density of the vth vibrationally excited 
state; kv v. is the rate coefficient for the transition from state v to v'; and 
ne is the number density of electrons. Under the assumption that the 
vibrationally excited molecules had a Boltzmann distribution based on 
the vibrational tem perature Tv, he solved equation 3.17 for the 
harmonic oscillator by extending the classical analysis of Keck and 
Carrier (1965). Keck and Carrier demonstrated tha t the vibrational
...(3.16)
...(3.17)
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re laxation  process had  a diffusive charac teristic . Lee com pared the 
tim e evolution of the  v ib rationa l energy as given by the  conventional 
L andau -T e lle r type ra te  equation  (equation  3.11) w ith  th a t  of the  
solution to equation  3.17. A m arked  difference was observed betw een 
the  two ra te s . The L andau-T eller re laxation  tim e increased  rapid ly  
(some 20 tim es faster) th a n  the  ra te  of Lee. Indeed the  L andau-Teller 
solution d isplayed an  exponential form. The unexpectedly  slow tim e 
for the  electron-vibrational energy exchange process w as considered to 
be due to the  diffusion characteristic  of v ibrational excitation, as well as 
th e  possib ility  of m u lti-level tra n s it io n s  in  th e  h igh  tem p e ra tu re  
reg im e.
Keck and C arrier, via a classical analysis derive (by transfo rm ing  the 
m aste r equation to the equivalent diffusion equation)
H ere N e is the  equilibrium  concentration of molecules; X is the  specific 
population, w hich is the  ra tio  of the  concentration  of molecules in  the 
n th level to the equilibrium  concentration; e=E/kT is the  energy of a level 
in  un its  of kT and  A is the energy transfer, e '-e , for the  tran s itio n  from 
a sta te  w ith energy e' to a s ta te  w ith  energy e. This is recognized as an 
o rd inary  one-dim ensional diffusion equation  th a t  d em o n stra tes  the 
d iffusive c h a ra c te r  of v ib ra tio n a l re la x a tio n . P a rk  derived  an  
expression sim ila r to equation  3.18 and  showed th a t  the  v ibrational 
tem pera tu re  will satisfy the  following equation
...(3.18)
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7lkT„ d/vu)2(t  -  rvy
k T T . j
...(3.19)
w here k is the  equivalent therm al conductivity and  D is the  dissociation 
energy. E quation  3.19 m ay be expressed in  the  form
E l = (T ' Ti>)
dt Td
...(3.20)
w here xD, the  relaxation  tim e in excitation of v ibration  by heavy particle 
im pact collision given by the  diffusion theory, is given by
td = 2kT . r 2 
t' kE j (t  - Tu '
...(3.21)
Lee (1986) obtained a modified Landau-Teller type ra te  equation  via the 
num erical in teg ration  of Keck and C arrier's equation. This is given by
dEv( t) 
dt
...(3.22)
w here xe is the  v ib ra tiona l re laxation  tim e for excitation  by electron 
collisions; E v is the  v ibrational energy and E v* is the  v ibrational energy 
a t the  electron tem p era tu re  Te, the  subscript 0 refers to tim e t=0. For 
s= l, equation  3.22 becom es the  usua l L andau-T eller expression. Lee 
(1986) d em o n stra ted  th a t  the  m ost su itab le  va lue  for s w as 3.5 for 
Te < 23,200 K. (For Te > 23,200 K, s was found to be equal to 4.0. P ark  
(1985) has show n th a t  th e  electron tem p era tu re  associated  w ith  the  
AOTV flow field will be less th a n  23,200 K). An s value of 3.5 gives a
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re laxation  ra te  in  ag reem en t w ith  equation  3.22; hence 1 < s < 3.5. 
P a rk  (1986) also proposed the  “bridging” form ula
s 3.5 exp 5000 ') 
T1 s J
...(3.23)
w here Tg is the  heavy partic le  tran s la tio n a l tem p era tu re  im m ediately  
behind  the  shock front.
3.5.3 Preferential dissociation from excited states
iii) P re feren tia l dissociation refers to the  enhanced  likelihood of a 
m olecule undergoing  d issociation from  a v ib ra tiona lly  excited s ta te . 
The u su a l “lad d e r c lim bing” process, in  w hich m olecules in  low er 
sta te s  m ust in itia lly  climb to the  h igher sta tes before dissociation, m ay 
not be valid a t high tem pera tu res. P a rk  assum es th a t dissociation will 
occur p referen tially  from  these  highly excited v ibrational s ta tes . Since 
the  populations of v ibrational s ta tes are  characterized by the  vibrational 
tem p era tu re  Tv, the  ra te  coefficient should be a function of th e  heavy 
particle  tran s la tio n a l tem p era tu re  T and  Tv. A geom etrically averaged 
te m p e ra tu re  Tav = VTTv is u sed  to ch arac te rize  the  d issociative  
reactions in  P a rk ’s model. This averaged tem pera tu re  has been shown 
by P a rk  to rep roduce  qu ite  closely th e  ex p erim en ta l re s u lts  for 
nonequilibrium  rad ia tive  h e a t fluxes obtained by Allen et dl (1962). At 
low tem p era tu res , equation  3.13 im plies th a t  dissociation will proceed 
slowly and  T = Tv. T his is because for low T, D/kT is la rg e  and  
therefore the dissociation reactions do not proceed rapidly. V ibrational 
re la x a tio n  th e re fo re  re a c h e s  e q u ilib riu m  p r io r  to s ig n if ic a n t 
dissociation. A t h igh  tem p era tu res  on the o ther hand, th e  dissociation 
re a c tio n s  w ill p roceed  ra p id ly  a n d  occur s im u lta n e o u s ly  w ith
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vibrational excitation and T * Tv. Due to the preferential dissociation, 
the rate of change of the vibrational energy EVib is governed by
dEyjb
dt
Diss
£ Vib
rdNm' 
dt ,
...(3.24)
where Eyj“ is the average vibrational excitation energy. The TTV model 
does not directly account for the preferential removal of highly excited 
vibrational sta tes due to the preferential dissociation, but does 
implicitly incorporate its effect on the chemical reaction rates through 
the use of Tav ra th e r th an  T in the equations describing the 
tem perature dependence of certain reaction coefficients. This is 
discussed in further detail below.
3.6 The reaction kinetics in  the TTV m odel
The TTV model has been used to predict the plasm a conditions 
applicable to the flight regime of the AOTV. Park has employed the TTV 
model at various conditions and various gas mixtures. Of in terest in 
the present investigation, is the application of the model to free-stream 
gas conditions of 79% N2 and 21% 0 2 at low densities of 13 Pa and shock 
velocities equal to 10 km s'1, sim ulating the flight environment at 
altitudes approaching 80 km.
3.6.1 Reactions and rate controlling temperatures
Eleven species are considered as participating in 31 reactions in the 
TTV model. N2, 0 2, N, O, NO, N+, 0 +, N2+, 0 2+, NO+ and e* are taken to 
describe the chemical composition of the plasma. Four types of 
reactions are considered in the TTV model;
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i)  im pact dissociations v ia ,
ia ) electrons (A2 + e" A  + A  + e")
ib ) heavy partic les (A2 + B A  + A  + B)
i i)  exchange reactions (X+ + Y  <-» X  + Y + )
i i i )  associative ion isa tion  reactions (A + B «-» A B + + e") and
iv ) electron im pact ion isa tion  (X + e- X+ + 2e*)
The electron-im pact ion isa tion  processes are assumed to occur w ith  the 
co llid ing  pa rtne r a t rest as the atoms have a sm all the rm a l velocity. As 
such, th e ir  reaction  ra tes in  the  fo rw a rd  and reverse d irec tions are 
d icta ted by the electron tem perature Te = Tv.
The associative ion isa tion  processes are d icta ted by the heavy pa rtic le  
tra n s la tio n a l tem pera tu re  T  in  the  fo rw ard  d irec tion  as there  are no 
m o lecu la r species con ta ined in  the  in i t ia l  s ta te . In  the  reverse 
d irec tion  on the  o ther hand, the reaction  invo lves ion ised m o lecu la r 
species and e lectrons and the re fo re  the  ra te  is  d ic ta te d  by  the 
v ib ra tio n a l tem pera tu re  o f the ion ised m olecule T v and the e lectron 
tra n s la tio n a l tem perature T e w hich  are set equal in  the TT V model.
A lle n  (1964) conducted experim ents in  w h ich  the  ra d ia tive  em ission 
from  m olecu lar n itrogen  d u rin g  dissociation was studied. P a rk  (1986) 
compared these resu lts  w ith  the T T V model and dem onstrated th a t i t  
could p red ic t the ra d ia tive  behavio r i f  the fo rw ard  ra te  coefficients fo r 
the  im p a c t d issoc ia tion  reactions were d ic ta te d  by the  geom etric  
average tem perature T av = VTTv. S im ila rly , the ra te  coefficients fo r the 
exchange reactions were d icta ted by th is  geometric average.
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The ra te  contro lling  tem p e ra tu re  for the  e lectron  im pact ion isation  
reactions is Tv (= Te ). All o ther reactions are  d icta ted  by the  heavy 
p a rtic le  tra n s la tio n a l te m p e ra tu re  T. The fo rw ard  and  backw ard  
reaction ra te  coefficients are  expressed as
kf = CTnexp(-Ef /kT RC) ...(3.25)
h ...(3.26)
w here E f is the  activation  energy of the  reaction; TRC is th e  reaction  
dependen t ra te  contro lling  tem p era tu re ; and  Keq is th e  equ ilib rium  
constant for the  reaction. P a rk  (1985b) employed a five te rm  expression 
for the  computed value of in  term s of Z given by
Keq(T ) = exp(A1 + A2lnZ + A3Z  + A4Z 2 + A5Z 3) , ...(3.27)
where Z=10,000/T.
T h irty  one reactions are considered in  the  TTV model. These are  listed  
in  appendix D, along w ith  the  reactions ra te  controlling tem p era tu re , 
constants and  the  constants Ai.
P a rk  (1968) employed a spectroscopic technique in  a  nitrogen p lasm a to 
m easure the th ree  body recom bination ra te  of electrons and  atom ic ions 
for the reaction
N + + e + e N  + e .
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The electron  nu m b er density  w as m easu red  by observing th e  S ta rk  
broadening of the  Hß line a t  486.1 nm , while the  electron tem p era tu re  
w as d e te rm in ed  by m ea su rin g  th e  in te n s ity  ra tio  of two atom ic 
t r a n s it io n s  in  n itro g e n  a t  493.5 an d  561.7 nm . F ro m  th e se  
m easurem ents a ra te  coefficient of 10-26±0-5 cm6 s*1 was obtained for the  
aforem entioned reaction a t  10,000 K. This ra te  coefficient is used as the 
e lectron  im pact io n isa tio n  ra te  in  th e  TTV model. P a rk  m ade the  
assum ption  th a t  th e  recom bination  ra te s  for the  equ iva len t oxygen 
reaction  w ere the  sam e and  hence w as able to im ply a forw ard  ra te  
coefficient for th a t  reaction.
The ra te  coefficients used  in  the  TTV model for th e  th ree  associative 
ionisation  reactions were obtained from th ree  papers by D unn & Lordi 
(1969, 1970a and  1970b). D unn  and  Lordi (1969) d e te rm in ed  the  
dissociative recom bination  ra te  coefficient for th e  inverse of reaction  
R l, th a t  is
NO++ e - >  N  + O.
They employed L angm uir probes to m easure  the  electron tem p era tu re  
and  th e  e lectron  popu lation . S im u ltaneous m easu rem en ts  of the  
e lectron  n u m b er d en sity  profile w ere also m ade u sing  m icrow ave 
in terferom etric  techniques. The identical experim ental technique was 
also employed to determ ine the  ra te  coefficients for the  reactions
C2+ + a —> O + O 
N2* + e - >  N  + N .
an d
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Again these  ra te  coefficients are  used in  P a rk ’s model.
The electron im pact ion isation  reactions considered in  the  TTV model 
a re
O + e -» 0 + + e+e '
an d
N  + e —> iV+ + e' + e \
The eighth  term  in  equation 3.10 is the  ra te  a t which free electrons lose 
energy w hen they  a re  involved in  an  ionising collision w ith  a n eu tra l 
particle , ns and Is a re  the m olar ra te  of ionisation and  the  first ionisation 
potential respectively. The lim its on the  sum m ation account for the five 
ionised species th a t  should be considered. A ppleton and  B ray  (1964) 
m odelled th e  exchange of energy  th a t  occurs as a re su lt of e lastic  
collisions betw een atom s, ions and  electrons. T heir derivation  appears 
as the  sixth term  in  equation 3.10.
Bow den a n d  P a rk  (1970) u n d e rto o k  a n u m erica l s tu d y  of th e  
nonequ ilib rium  ch em istry  for a fully  d issociated , p a rtia lly  ionised  
n itrogen  p lasm a expanding  in to  a nozzle in itia lly  in  a cham ber a t  
equilibrium . The ionically recom bining chem istry  was stud ied  as a 
function  of th e  in it ia l  cham ber p ressu re  an d  tem p era tu re . T heir 
resu lts  dem onstra ted  th a t  a large deviation betw een the heavy particle 
t r a n s la t io n a l  te m p e ra tu re  T a n d  th e  e le c tro n  t r a n s la t io n a l  
te m p e ra tu re  T e occurs. At sm all cham ber p ressu re s , th e re  w ere 
in su ff ic ien t reco m b in a tio n  reac tio n s , and  th e re fo re  in s ig n if ic a n t 
recom bination energy libera ted  to force the  tem p era tu res  T and  Te to 
deviate. As the  p ressu re  increased  however, th e  recom bination ra te
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increased , w ith  the  re su lt th a t  a la rge  th e rm al nonequ ilib rium  w as 
established. At extrem e p ressures, elastic collisions began to dom inate 
the  recom bination reactions w ith  the  resu lt th a t  the  two tem p era tu res  
w ere b o ugh t back  to g e th er. In  th e  fligh t reg im e of th e  AOTV, 
p re s su re s  a re  s ig n ifican t enough  to e s ta b lish  th e  th re e  m odes 
(tran sla tio n a l, v ib rationa l and  ro ta tiona l) a t  B oltzm ann d istrib u tio n s 
based on the re levan t tem pera tu res, b u t th is  does not ensure th a t  these 
characteristic  tem p era tu res  will converge.
3.7 Predictions of the TTV m odel
The TTV model m akes predictions for the  profiles of the various species 
p o p u la tio n s , th e  t r a n s la t io n a l- ro ta t io n a l  te m p e ra tu re  T, th e  
v ib ra tio n a l-e le c tro n -e le c tro n ic  te m p e ra tu re  Tv and  th e  rad ia tiv e  
em iss ion . F rom  th e  ra d ia tiv e  em iss io n  p ro file s , p re d ic tio n s  
concerning the  charac teristic  re laxation  tim e are  m ade. All of these  
predictions a re  u tilized  for com parison w ith  the  experim ental re su lts  
obtained from the work to be detailed in  the  following chapter. As such, 
th e  ca lcu la ted  species m ole frac tions for th e  eleven species as a 
function of d istance from the  shock front, the  calculated tem p era tu res  
T and  Tv an d  th e  tem poral rad ia tiv e  em ission, to g e th e r w ith  the  
calculated charac teristic  re laxation  tim es, have been reproduced from 
P a rk  (1989) and  a re  p resen ted  as figures 3.3, 3.4 and  3.5. Also 
rep roduced  from  th e  sam e reference  is tab le  3.1, th a t  gives the  
in s ta n ta n e o u s  v a lu es for th e  a fo rem en tioned  p a ra m e te rs  a t  two 
positions behind  the  shock front corresponding to the  poin ts a t  which 
peak rad ia tion  occurs and a t which equilibration  is reached.
.4 .6 .8
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Figure 3,3
Predicted species mole fractions of the TTv model, for the eleven 
constituents of shock heated air considered by the code. Figure is 
reproduced from Park (1989).
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Characteristic relaxation time parameter tq versus the shock 
velocity.
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Figure is reproduced from Park (1989).
F r e e - s t r e a m  c o n d i t i o n s
T em p era tu re  T_ 3 0 0 °K
P re ss u re  p_ 0.1 T o rr
D e n s ity  p_ 1.612 x 10‘7 g /c m 3
S h o ck  v e lo c ity  V_ 10 k m /scc
P e a k  r a d i a t i o n  p o in t  c o n d i t io n s
L o ca tio n  m easu red  from  shock 0 .5 2 6  cm
L o ca tio n  m easu red  from  foo t o f  lum inosity 0 .2 4 0  cm
XP
T im e  m e a su re d  fro m  foo t o f  lum in o sity  Xp 0 .2 4 0 q s
T p P - 3 .2 8  x 1 0 '5 ^ts-a tm
T 2 1 9 3 3 °K
T v U 6 1 8 ° K
S p ec ies  m o le  frac tio n s
N 0 .5 3 0 8
0 0 .2 2 8 7
n 2 0 .2 1 2 3
O z 0 .0 0 5 1 4
N O 0 .0 1 1 1 7
N + 0 .0 0 2 7 6
0 + 0 .0 0 0 1 9
n 2+ 0 .0 0 2 0 4
0 2+ 0 .0 0 0 3 5
N 0 + 0 .0 0 0 5 8
e* 0 .0 0 5 9 4
T o ta l n u m b e r  d en sity 4 .8 9  x 1 0 16 cm -3
T o ia l rad ia tio n  p o w e r  th rough  G aussian 33.3  W /cm 3
E q u i l i b r a t i o n  p o i n t  c o n d i t i o n s
L o ca tio n  m easu red  from  shock 1.45 cm
L o ca tio n  m easu red  from  foo t o f  lum inosity  
T im e  m easu red  fro m  foo t o f  lum inosity  Xp
1.09 cm
1.09p .s
Tp P - 1.49 x 1 0 ^  |x s-a tm
T 1 3 1 5 2 °K
T v 9 7 0 3 °K
S p ec ies  m o le  frac tio n s
N 0 .7 3 1 6
0 0 .2 0 9 0
n 2 0 .0 2 9 3 5
0 2 0 .0 0 0 0 7
N O 0 .0 0 1 4 3
N + 0 .0 1 2 4 0
0 + 0 .0 0 1 2 8
N 2+ 0 .0 0 0 3 2
0 ^ + 0 .0 0 0 0 0
N 0 + 0 .0 0 0 2 8
e* 0 .0 1 4 2 0
T o ta l n u m b e r  d en sity 8.71 x 1 0 16 cm *3
T o ta l rad ia tio n  p o w er th rough  G aussian 8.53 W /c m 3
T ota l rad ia tiv e  hea t flux 7 .1 0  W /c m 2
N o n eq u ilib r iu m  to  eq u ilib rium  heat flux ra tio 2 .2 6
Table 3.1
The thermodynamic conditions and species mole fractions at the 
peak intensity point and equilibration point predicted by the TTv 
model. Table is reproduced from Park (1989).
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The TTV model has been  developed in  o rder to forecast th e  chem ical 
n o n eq u ilib riu m  processes occurring  w ith in  th e  shock la y e rs  over 
vehicles travelling  a t  high a ltitudes and  velocities. A direct analogy is 
m ade by P a rk  for the  flow p roperties th a t  ex ist along a s tag n a tio n  
stream line over a body and  the  conditions behind  a norm al shock. This 
holds tru e  w hen the  assum ption  is m ade th a t  the  flow properties are 
m erely a function of the  tim e in te rval a fte r the  flow passes th rough  the  
shock front. Hence, th e  flow p a ram ete rs  a t  a po in t on a s tag n a tio n  
stream line  are  the  sam e as those beh ind  a  norm al shock fron t w here 
the  elapsed tim e is the  same.
One final com m ent rem ains to be m ade as to the  com parison betw een 
the  one and  tw o-tem perature  m odels and  the  experim ental da ta . P a rk  
p resen ts  the  p redictions of the  TTV model in  a form not im m ediate ly  
su itab le  for a com parison w ith  the  experim ental da ta . The predictions 
for th e  p o pu la tions a re  g iven in  te rm s of species mole frac tions 
w h ereas ex p erim en ta l re s u lts  a re  o b ta in ed  in  te rm s of ab so lu te  
num ber densities. W ith a to ta l num ber density  plot i t  would be possible 
to reduce th e  species mole frac tions to abso lu te  n um ber densities . 
U n fo rtu n a te ly  th is  p lo t w as no t p re sen te d  by P a rk . H ow ever the  
tem p era tu re  plots are  given and  w ith  a knowledge of th is  i t  is possible 
to reduce the  m olar fractions to n um ber densities. This process is 
o u tlin e d  in  a p p en d ix  E. I t  sh o u ld  be m en tio n ed  t h a t  th e
one—tem p era tu re  model also p resen ts o u tp u t in  te rm s of species mole 
fractions. However, unlike the  TTV model, access w as available to the 
one-tem perature code and could therefore be su itab ly  adjusted.
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Chapter 4
THE EXPERIMENTS
4.1 The experimental objectives
The aims of the present investigation were as follows.
1. To develop a non-intrusive diagnostic for the study of the 
nonequilibrium ionisation behind high enthalpy shock waves a t the 
conditions associated with the proposed flight regime of the AOTV. 
Absolute num ber densities of electrons were to be obtained and 
compared directly w ith the predictions of one-tem perature and 
two—tem perature chemical nonequilibrium codes.
2. The tem poral radiative behavior of the plasm a was to be 
investigated and compared with previous experiment and theory.
3. Employing molecular emission spectroscopic techniques, the 
rotational tem perature at a point behind the shock front of the N2+ 
molecular species was to be determ ined and compared w ith the 
predictions of one and two-temperature models.
4. Emission spectroscopy was to be used to investigate the relative 
intensities of two transitions in atomic and ionic oxygen at a point 
behind the shock front and compare this to the predicted ion-to-atom 
intensity ratio of the tw o-tem perature model. The dependence of 
atomic excitation on pressure and the opacity of the plasma were also to 
be determined.
5. Using narrow band CW laser absorption spectroscopy, the 
observed absorption profile was to be measured and compared with the
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predictions of the  tw o-tem perature  chem ical nonequilibrium  code. The 
ex p erim en ta l fac ilitie s  developed an d  em ployed to ach ieve th ese  
objectives are  discussed below.
4.2 The shock tube facilities
T hree of the  m ajor free p iston  shock tube facilities availab le  in  the  
aerophysics labo ra to ries w ere used  a t  various stages in  th e  p re sen t 
investigation . The m ajority  of the  work w as conducted on th e  double 
d iaphragm  tube (DDT), which w as operated  in  single d iaphragm  mode 
only. This facility is described by Sandem an and  Allen (1971). Some 
m olecular em ission work w as carried  out on T3, (S talker, 1966), tak ing  
advantage of the  larger optical p a th  leng th  th a t  T3 offered. Some of the 
prelim inary  developm ent and  tes tin g  of the  diagnostic techniques w as 
carried  out on the  sm aller, square  bore tube T2 (Houwing, 1982). The 
opera tional ch arac te ris tics  of each ind iv idual shock tube will no t be 
detailed . As th e ir  basic mode of operation  is iden tica l however, th a t  
will be discussed in itially .
4.2.1 Construction and operation
All th ree  experim ental facilities are  catorgarized  as free p iston  shock 
tubes. As the  nam e suggests, a free p iston  shock tube  em ploys an 
u n te th e re d  p is to n  w hose com pression  s tro k e  is confined  to  a 
com pression  tu b e . T h is p is to n , d riv en  by h ig h  p re s su re  a ir , 
compresses the  gas ahead  of i t  (the driver gas) to a pressure  equal to the 
b u rs t p ressu re  of a m etal d iaphragm  th a t  sep a ra te s  the  com pression 
tube from the shock tube. As th is d iaphragm  ru p tu res , a shock wave is 
form ed th a t  p ropagates down the  shock tube to the  te s t section w here
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specific diagnostics a re  used  to m onitor the  p a ram ete rs  of in te res t. A 
d iagram , rep resen ta tive  of all the  free piston  facilities is p resen ted  in  
figure 4.1.
Before an  experim en tal ru n , th e  p iston  w as placed on the  launcher. 
T h is  w as accom plished  by p u sh in g  th e  p is to n  back  a long  th e  
com pression tube  by e ith e r m echanically  or h an d  driven  p u sh  rods. 
The launcher has two functions. F irstly  it  provides a seat for the  piston 
and  secondly i t  is the  in terface betw een the  p iston  and  h igh  p ressu re  
reserv o ir. A vacuum  pum p k e p t th e  “p is to n  space”, th e  volum e 
betw een the  launcher and  the  piston, a t high vacuum . This p reven ted  
th e  p iston  lau n ch in g  p rem a tu re ly . The d iap h rag m  s ta tio n , w hich 
houses a m etal d iaph ragm  th a t  sep ara tes  the  com pression tube  from  
th e  shock tube, w as th e n  loaded w ith  a d iap h rag m  w hich h a s  a 
previously  determ ined  b u rs t  p ressu re . The h igh  p ressu re  reservo ir, 
com pression tube, shock tube, te s t section and dum p tan k  were th en  all 
evacuated. P a rticu la r a tten tio n  was paid  to ensure th a t  a good vacuum  
(< 0.01 Pa) was obtained in  the  shock tube. This is necessary to in su re  
th a t  anom alous re s u lts  due to im p u ritie s  in  th e  shock tu b e  a re  
m inim ized and  w as achieved using  a ‘Speedivac’ silicon oil diffusion 
pum p, capable of pum ping 600 litres  per second a t 50 P a  and 150 litres 
per second a t  low er p ressu res, backed by a ‘D ynavac’ ro tary  roughing 
pum p. The p ressu re  in  the  shock tube was m onitored via a two stage 
B ara tron  gauge able to m easure  from 133 to 1330 P a  in  the  firs t stage 
and from 1.33 x 10-7 to 133 Pa  in  the  second stage. Dynavac therm isto r 
gauges on th e  diffusion pum p m onitored  th e  back p ressu re  of the  
diffusion pum p as well as the shock tube pressure. These gauges could 
m easure  betw een 1.33 x lO '7 to 133 Pa. Both gauges were employed 
during  the  filling of the  shock tube to ensure an  accurate fill p ressure .
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As the  shock tube was being evacuated, i t  was flushed w ith the  te s t gas 
and  re-evacuated, twice before the  experim ental run . The shock tube 
w as th e n  filled w ith  the  req u ired  p ressu re  of te s t  gas, w ith in  one 
m inu te  of launch ing  the  piston.
Typical operation of the  shock tube proceeds as follows. P rio r to firing, 
th e  com pression tube is filled w ith  a d river gas (typically He, A r or a 
He/Ar mix) to a p ressu re  as m easured  by a m ercury  m anom eter. The 
shock tube is th en  filled w ith  the desired te s t gas a t a pressure  typically 
m uch less th a n  th a t  p re sen t in  th e  com pression tube. In  o rder to 
conserve m om entum , the shock tube recoils as the  p iston  trave ls  down 
th e  com pression  tu b e . I t  is w ound fo rw ard  p rio r to f ir in g  to 
com pensate for th is  m ovem ent. All the  diagnostics set up a t  the  te s t 
section are placed so as to account for th is  recoil. (A high speed video 
cam era was employed to determ ine an  accurate  m easure  of the  recoil. 
An average  recoil of 11 ± 2 m m  w as m easu red .) A ir u n d e r h igh  
p ressu re  is th en  allowed to fill th e  high  p ressu re  reservoir. A t th is  
stage  th e  p iston  does no t lau n ch  because V -rin g s  on the  lau n c h e r 
p reven t the  high p ressu re  acting on the  piston in  a direction para lle l to 
the shock tube. To fire the tube, a sm all am ount of a ir  is adm itted  into 
the  p iston  space, forcing the  p iston  off the  lau n ch er and  consequently, 
the  h igh  p ressu re  th en  acts along the  tube driv ing the  p iston forw ard. 
The p iston  then  adiabatically  com presses the driver gas ahead  of i t  to a 
p ressu re  equal to the  ru p tu re  p ressu re  of the  m etal d iaphragm . At the  
tim e th a t  the  d iap h rag m  b u rs ts , th e  p iston  reaches th e  end of i ts  
com pression stroke an d  is b rough t to res t. The h igh  p ressu re , ho t 
driver gas th en  rapid ly  flows into the shock tube which contains the  low 
p ressu re  te s t gas a t  room tem p era tu re . A shock wave develops and
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propagates down the  shock tube. Since the  shock travels faster th a n  the 
d r iv e r  gas, two d is tin c t in te rfa c e s  form . F ir s t ly  th e re  is  th e  
unshocked-shocked  gas in terface, the  shock front, and  secondly th e re  
is the  in terface betw een the  shocked te s t gas and driver gas, know n as 
the  contact surface. Hence, the  shock front to contact surface distance, 
divided by the  shock speed, gives the  experim ental te s t tim e before the  
te s t  sam ple becom es con tam ina ted  by the  d river gas. The re la tiv e  
m ovem ents of these  in terfaces is p resen ted  in  figure 4.2.
A fter the  d iaphragm  b u rsts , an  expansion wave propagates back up the  
com pression tube  tow ards the  piston. This expansion wave reflects off 
the  p iston  and  trave ls  down the  shock tube, even tually  catching up to 
and  overtak ing  th e  shock front. M eanw hile, th e  shock fro n t fully 
develops and  p ropagates down the  shock tube followed by the  contact 
surface. W hen c e rta in  conditions d ic ta te , th e  con tact su rface  can 
accelerate and  overshoot the  shock front. Furtherm ore , contact surface 
in s tab ilitie s  (see H ouw ing, 1982a) can form lead ing  to a “tongue” of 
d river gas th a t  can overtake, and  m ix w ith, th e  shock front. In  the  
absence of these  effects, the  position of the observation ports m u st be 
situ a ted  far enough down the shock tube to m axim ize the  te s t tim e, yet 
no t be too fa r  dow nstream  to avoid th e  reflec ted  expansion  wave 
overtaking the shock wave.
The opera ting  conditions of th e  shock tubes, th a t  is, rese rv o ir fill 
p ressu re , d river gas p ressu re , d iaph ragm  b u rs t  p ressu re  and  shock 
tu b e  fill p re s su re , have  a d e fin ite  b e a rin g  on th e  p ro p ag a tio n  
c h a ra c te r is tic s  of th e  co n tac t su rface . Indeed , in  th e  p re s e n t  
investigation , m uch work w as carried  out in  o rder to de te rm ine  the
Time
t t Shocktube* ► x
Piston D iaphragm  
b u rs t a t 
x=0
Figure 4.2
The relative movements of the interfaces and their interaction 
with the gases at various stages after diaphragm rupture.
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optimal shock tube conditions that allowed the experimental regime of 
interest to be studied, without driver gas contamination. These 
conditions are discussed in 4.2.2.
42*2* Driver conditions
Free piston shock tubes are unique in their ability to produce shock 
waves of varying enthalpy and shock speed by merely varying the 
parameters of reservoir fill pressure, driver gas pressure, diaphragm 
burst pressure and shock tube fill pressure. Their operational 
characteristics are described by the following set of equations 
(Liepmann and Roshko, 1957)
h .
Pi
1 7k-1 
2 a5
r.-i ,..(4.1)
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f  n  \
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where P is the pressure; y is the ratio of the specific heats; M is the 
mach number; u is the shock velocity; a is the sound speed; T is the 
temperature R is the universal gas constant and m is the molecular 
mass. The subscripts 5, 1, s and D refer to the compressed driver gas, 
the undisturbed test gas, the shock wave and the undisturbed driver 
gas respectively; see figure 4.2.
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E quation  4.1 describe the rela tionsh ip  betw een the  ideal gas param eters 
and  is know n as th e  “shock tube equation” (see G lass and  P a tte rson , 
1955). The p ressure  and  sound speed of the gas require  correction if  the 
shock tube is not of constan t area, th a t  is, if  th ere  is a step down in  the 
cross section betw een the  com pression tube and  the  shock tube. (These 
corrections can be very  easily  explained  in  te rm s of flow th rough  a 
sonic th ro a t a t  the  d iaphragm  station.)
As th e  shock velocity is dependent on the  sound speed a 5, w hich is in 
tu rn  dependen t on th e  tem p era tu re  T5, g rea te r  shock velocities are 
possib le  in  free p is to n  d riv en  shock tu b es  as th e  d riv e r gas is 
ad iabatica lly  com pressed p rio r to shock wave form ation. The sound 
speed is also strongly  dependent on the  y of the  gas and its  m olecular 
weight. The shock velocity m ay be varied therefore by su itab ly  selecting 
the  driver gas. For a high shock velocity, a low m ass d river is chosen. 
This is typically helium , which fits the  requ irem ents and  is fa r safer to 
use th a n  hydrogen which would otherw ise be the  obvious choice. W hen 
slower shock velocities are desired, h igher m ass gases are  added to the 
helium  (typically argon) in  sm all am ounts, re su ltin g  in  a significant 
drop in  the  shock speed.
E q u a tio n s  4.2, 4.3 an d  4.4 d ic ta te  th e  shock tu b e  fill p ressu re , 
com pression tube  fill p ressu re  and  d iaphragm  b u rs t  p ressu re  for a 
given velocity. The final p a ram ete r is the  reservoir fill p ressu re . This 
appears in  equation  4.4 as P r (see S ta lker, 1966); X is the  volum etric 
com pression ratio  and  k  is an  em pirical constan t which depends on the 
p iston  m ass, and  th e  d im ensions of the  com pression tube. W hen 
satisfied, th is equation  ensures th a t  the  piston has come to re s t when
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the diaphragm burst pressure is reached. The value of k for DDT is 3.9, 
for T3 it is 4.3 and for T2 it is 4.2. The reservoir fill pressure is varied to 
satisfy equation 4.4 and any variation in diaphragm burst pressure is 
compensated for by varying the reservoir pressure.
The different driver conditions used on the three facilities during the 
experiment are presented in table 4.1 and 4.2. DDT was operated at a 
volumetric compression ratio of 95. This condition is extremely harsh 
on the facility and causes excessive wear of the piston rings. It was 
found necessary to replace the piston rings every 10-15 shots (the front 
ring was especially prone to wear).
4.2.3 Timing and triggering
Previous experiments on the shock tubes have employed pressure 
transducers to indicate the arrival of the shock front a t typically three 
stations along the shock tube. The signals from these pressure 
transducers were sent to a timing unit tha t recorded the transit time 
between the transducers. Knowing the ir separation allowed a 
calculation of the shock speed. It was determined a t an early stage in 
the present work th a t a t the experimental pressures of in terest, 
pressure transducers were not sensitive enough. It was decided 
therefore to employ photodiodes in the place of the pressure 
transducers. These photodiodes were sensitive to the luminosity from 
the shock heated gas. Each photodiode was housed, with its amplifier, 
in a small unit th a t could be screwed directly into the shock tube. 
These units were recessed slightly from the inner wall of the shock tube 
and protected from the harsh environment of the plasma by perspex 
windows. These windows were periodically removed and cleaned. The
Reservoir fill pressure 4.0 x 106 Pa air
Compression tube fill 
p ressu re
2666 Pa Argon + 3.6 x 105Pa 
Helium
Diaphragm type 10 gauge ’cold rolled’ mild 
steel
D iaphragm  burst pressure 7.2 x 107 Pa
Shock tube fill pressure 13 Pa of air
This condition was optimal, for it produced the desired shock velocity (10 
k m s '1 into 13 Pa of air) an adequate percentage of the time w ith no 
contamination. Any decrease in the amount of Argon being admitted into 
the compression tube would result in an increase in the shock velocity, but 
the contamination would persist 100% of the time. Any increase in the 
am ount of Argon being admitted into the compression tube and, although 
the contamination would not be as severe, the shock velocity would drop to 
below th a t desired. This contam ination (to be discussed at length in 
chapter 6) was an extremely sensitive function of the fill condition.
Reservoir fill pressure 1.1 x 106 Pa air
Compression tube fill 
p ressu re
2266 Pa Argon + 1.7 x 104 He
Diaphragm type 22 gauge ’cold rolled’ mild 
steel
D iaphragm  burst pressure 1.7 x 107 Pa
Shock tube fill pressure 133 & 1333 Pa of Argon
This condition is a standard  for work in  Argon. There was no 
contam ination for a substantial distance behind the shock front (20 cm) 
and therefore there was a significant test time (unlike the condition above 
for a ir in which the test distance was limited to only, a t best, 3 cm, 
although this was adequate for the experimental aims to be acheived).
Table 4.1
The driver conditions for DDT.
Reservoir fill pressure 2.2 X 106 Pa air
Compression tube fill 
p ressu re
3.1 x 104 Pa Helium
Diaphragm  type 14 gauge 'cold rolled' mild 
steel
D iaphragm  burst pressure 2.8 x 107 Pa (single hole)
Shock tube fill pressure 13 Pa of air
T3 operating condition. Once again, the contamination was 
an extremely sensitive function of the fill condition.
Reservoir fill pressure 3.7 x 106 Pa air
Compression tube fill 
p ressu re
5.3 x 104 Pa Helium
Diaphragm type 18 gauge 'cold rolled’ mild 
steel
Diaphragm  burst pressure 2.5 x 107 Pa
Shock tube fill pressure 13 Pa of Air
T2 operating condition. Once again, the contamination was 
an extremely sensitive function of the fill condition.
Table 4.2
The driver conditions for T3 & T2.
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ou tpu t pulses from these photodiodes were sen t to a digital oscilloscope 
capable of recording the  tra n s it  tim es to an  accuracy of ± 0.05 |is. After 
a tr ig g e r  from  th e  f ir s t  photodiode, th e  d ig ita l oscilloscope w as 
appropria te ly  delayed so as to allow a 2 ps window around  the  trace  of 
the  second photodiode. This allowed the  shock velocity to be accurately  
determ ined. The tim e resolved analogue ou tpu t from the  photodiodes 
w as also recorded to give a n  ind ica tion  of th e  shock fron t, con tact 
surface separation , as lum inosity  coming from the  contact surface was 
read ily  d is tin g u ish ed  from  th a t  due to th e  shock fro n t due to the  
form ers g rea te r am plitude. This is a re su lt of th e  em ission from  the  
m any  atom ic im puritie s p resen t in  th e  contact surface, nam ely  iron, 
chrom ium , m agnesium  and  sodium .
4 2 A  The test section
The em ission  experim en ts in  th e  shock tu b es DDT an d  T3 w ere 
conducted a t  these  tu b e s’ ex it p lanes. M easu rem en ts  w ere ta k e n  
th ro u g h  op tically  f la t  UV g rad e  fused  silica  w indow s 0.1 m  in  
d iam eter, positioned, off cen tre , in  a lum inum  p la tes . T hese p la tes  
could be m ounted  in  the  su p e rs tru c tu re  of the  dum p ta n k  and  w ere 
in terchangeable betw een the  th ree  tubes DDT, T3 and  T2. Q uartz  was 
chosen because of its  good tran sm ission  p roperties over the  spectrum  
from w avelengths of 250 nm  to 2.0 pm. The in fra red  in terferom etric  
experim ents carried  out in  DDT were also conducted a t th a t tu b e ’s exit 
p lane . The Zinc Selen ide w indow s (see section  4.4.2) w ere also 
positioned , off cen tre , in  a lu m in u m  p la te s  m oun ted  in  th e  su p e r 
s truc tu re  of the dum p tank .
M easurem ents taken  across a  shock tube exit a re  done so in  a flow th a t  
is no longer un ifo rm , norm al to the  tube  axis. T here  ex is ts  a
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supersonic expansion fan a t the  shock tube exit, and  the  effects of th is 
on the  m easurem ents m ust be considered. F igure 4.3a shows the  te s t 
section end of DDT's shock tube. D is the  d iam eter of the  shock tube 
and L rep resen ts the  p a th  leng th  of a ray  from an  in te rferom ete r te s t 
beam  passing  th rough  the  flow a t  a d istance z from the  edge of the 
shock tube. F igure 4.3b illu s tra te s  the  expansion fan th a t, due to the 
c ircular sym m etry of the  shock tube, lim its the  steady flow to a  Mach 
cone. L now consists of two com ponents LA = 2r and LB = 2r' w ith  r  and 
r  shown. I f  the  leng th  AB is known, (and it  is readily  calculated), one 
can obtain  a value for the  M ach angle p. Hence the  value of r  m ay be 
determ ined . On the  o ther hand , an  accura te  d e te rm in a tio n  of r  is 
difficult, as the  values of the  nonequilib rium  flow p a ram ete rs  in  the 
unsteady  expansion are  not easily determ ined. One can obtain  a value 
of r' however, by assum ing a p a rticu la r shape for the  diffracted shock. 
W ith th is , a reasonably  accurate  estim ation  of the  optical p a th  leng th  
m ay be obtained. M easurem ents were tak en  as close to the  shock tube 
exit as possible to m inim ize these effects on the p a th  length.
4.3 Ionisation diagnostics and their relative  
merits
The developm ent of the  ion isation  diagnostic w as the  m ost difficult 
aspect of the  experim ent. CW la se r system s w ere availab le  for the 
spectroscopic stud ies and  detectors w ere availab le  for the  em ission 
work. An ion isa tion  d iagnostic  w as no t availab le  an d  h a d  to be 
designed and im plem ented from scratch. Because of th is , a survey of 
d iagnostic  tech n iq u es w as u n d e rta k e n  an d  th e ir  re la tiv e  m erits  
considered. The various techniques are detailed  below.
Shock Front
SHOCK TUBE
SHOCK TUBE AXIS D L
A RAY FROM THE 
- —  INTERFEROMETER 
TEST BEAM
PRANDTL-MEYER 
EXPANSION FAN
DIFFRACTED SHOCK
SHOCK TUBE
Expanding
SHOCK TUBE AXIS Undisturbed
A RAY FROM THE 
INTERFEROMETER 
TEST BEAM
Figure 4.3 (a) and (b)
(a) presents the test section end of the free piston shock tube.
(b) shows the expansion fan developing into the Mach cone that 
limits the steady flow.
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1. Electrostatic or Langmuir probes
A lthough h igh ly  sp a tia lly  resolved m easu rem en ts  a re  possible w ith  
e lec tro sta tic  or L an g m u ir probes, co rre la tin g  th e  e lectron  n u m b er 
density  to the  probe potential can lead  to u n certa in  resu lts . The probe 
po ten tial is of course dependent on the  n e t d istribu tion  of charge, and  
no t specifically th e  e lectron  popu lation . F u rth e rm o re , probes a re  
in trusive  in  th e ir na tu re . (See Petschek and Byron, 1957).
2. Continuum radiation monitoring
C ontinuum  rad ia tio n  em itted  from  a p lasm a in  an  ionising m onatom ic 
gas, is due to free-free and  free-bound electron  tran s itio n s . A tim e 
resolved m easurem ent of th is  rad ia tion  will yield inform ation about the  
ra te  of ionisation  w ith in  the  p lasm a. In  a diatom ic gas however, such 
a sim ple correlation is not possible. To m ake an  accurate  correlation  
betw een the  em itted  rad ia tion  and the electron population in  a diatom ic 
gas, one m u s t be c e r ta in  th a t  m o lecu lar b an d  ra d ia tio n  can  be 
d is tin g u ish ed  from  th a t  due to e lectron  free-free  an d  free-bound  
continuum  rad ia tio n . As in ten se  rad ia tio n  covering a  considerable 
p a r t  of the  spectrum  comes from the  ro-v ibrational tran s itio n s  of N 2 
and  N 2+ th is  becomes ex trem ely  difficult. F u rth e rm o re , due to the  
la rge  nu m b er of species p re se n t in  shock h e a ted  a ir, th e re  ex is ts 
em ission from the UV to the  fa r in frared . (See Petschek  and  Byron, 
1957, N iblett and Blackm an, 1958 and Wilson, 1966).
3. Magnetic induction techniques
If  a steady m agnetic field (whose dipole axis ru n s  para lle l to the  shock 
tube) can be applied in to  the  shock tube, th en  any d istu rbance  to the 
steady s ta te  field can be sensed using  a secondary coil. These changes
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in  the  field, a fte r some calibration, can give a m easure  of the  electrical 
conductivity d istribu tion  behind a shock front. To achieve high spatia l 
re so lu tio n  in  a la rg e  d iam ete r tube , i t  is n ecessa ry  to p lace th e  
induction  coil inside the  tube itself. The probe th en  becomes ra th e r  
in tru s iv e  (m uch like th e  e lec trosta tic  probes). F u rth e rm o re , as the  
sp a tia l reso lu tion  is a function  of the  w id th  of th e  m agnetic  field, 
spa tia l resolution and  sensitiv ity  are  lost in  sm all d iam eter tubes.
(See Lin et al, 1962).
4. Line broadening due to the Linear Stark effect
S ta rk  broadening , due to the  electric fields associated w ith  the  p lasm a 
ions an d  electrons, provides a m ethod for the  m easu rem en t of charged 
p a rtic le  densities . One m ay use m easu red  line  profiles to derive 
conditions in  an  em ittin g  p lasm a. W hen considering hydrogen and  
hydrogen like lines, the  S ta rk  broadening AA,S, given by Griem  (1964) as
AAS = C(Ne,T ) N f3 , ...(4.5)
m ay be em ployed, w here N e is the  electron num ber density  in  (cm*3) 
and C(Ne, T) is a  coefficient th a t  depends w eakly on N e and T. V alues 
for C(Ne, T) are tab u la ted  by Griem  for a range of electron densities and 
tem p era tu res  for S ta rk  broadened hydrogen and  hydrogenic lines. At 
the conditions of in te res t, the  broadening of the H a, Hß and Hy lines is of 
the  order of 20 nm , w hich can be easily  resolved using  e ith e r la s e r  
absorption spectroscopic techniques or em ission spectroscopy.
5. Microwave transmission and reflection techniques
M icrowave techniques employ the  w ay in  which m icrowaves in te ra c t 
w ith ionised gases. The microwaves passing  th rough  an  ionised m edia
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are  a tte n u a te d  by a factor a ;  a  being  a function  of the  e lectrica l 
conductivity  and  the  dielectric  coefficient of the  gas. The techniques 
suffer the  serious d isadvan tage  of ex trem ely  poor sp a tia l reso lu tion , 
especially  w ith in  the  re laxation  zone in  sm all d iam ete r shock tubes. 
A n o th e r severe lim ita tio n  a rise s  w hen  one considers th e  p la sm a  
frequency cop. An electrom agnetic wave whose frequency co is such th a t  
co < cop, cannot propagate  in to  the  p lasm a. cop th en , rep re se n ts  the  
cut-off frequency for electrom agnetic wave propagation. For electron 
densities g rea te r th a n  approxim ately 1013 cm*3 (equivalent to a p lasm a 
frequency  cop=1.98 x 1011 Hz), m icrow aves of w avelength  X=0.01 m 
(co =1.88 x 1011 Hz) fail to propagate due to th e ir rap id  a ttenuation . This 
lim its th e  technique to the  low ion and electron num ber density  regim e. 
(See Lin et a l, 1962, Lin and  Kivel, 1959, M anheim er-T im nat and  Low, 
1959 and  Gorelov, 1983).
6. Infrared interferometry
The use of an  in te rfe ro m ete r w ith  a ligh t source in  th e  fa r  in fra red  
allows the  m easu rem en t of the  phase sh ift caused by th e  presence of 
free electrons in the  flow field. This technique allows highly resolved 
spatia l and  tem poral m easurem ents, is non-invasive and  the  change in  
the refractive index is purely a function of the electron num ber density; 
thereby  allowing s tra ig h t forw ard correlation betw een the  fringe sh ift 
and the electron population per u n it volume. (See Zalogin et al, 1980).
7. C02 Laser Absorption (Inverse Bremsstrahlung)
W hen ra d ia tio n  p asses th ro u g h  a p lasm a , th e  ra d ia tio n  w ill be 
absorbed by the  inverse B rem sstrah lung  (free-free electron tran sition ) 
process. The am oun t of absorption  will correspond to th a t  given by
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L am bert's law, th a t  is,
I  = /„ e** ...(4.6)
w here k is the  spectral absorption coefficient per u n it leng th  and  x is 
the  pa th leng th . The absorption coefficient associated w ith  the  inverse 
Brem s S trahlung process is given by (Penner, 1959)
1.646 x 10 21 aX 2rpl/2 ...(4.7)
w here Ne is the num ber density  of free electrons; X is the  w avelength  of 
th e  in c id en t ra d ia tio n  and  T is th e  te m p e ra tu re . In  th e  p re se n t 
investigation, the  expected value for the  electron population was of the  
order of 1015 cm '3 a t  a tem p era tu re  of approxim ately  10,000 K. The 
calcu lated  absorp tion  for these  densities w as of th e  order of 5% (for 
10.6 pm  la se r  rad ia tion), b u t could increase  depending on th e  shock 
tube conditions. This percentage is very sm all and the  detection of such 
a m inu te  change in  la se r in te n s ity  (considering th a t  th e  m axim um  
voltage ou tpu t by the  in frared  detector was only 200 mV) w as deem ed 
too inaccurate  for the  inverse B rem sstrah lung  process to be used as the  
ionisation  diagnostic.
Considering the  foregoing then , the  in frared  in te rferom etry  and  S ta rk  
b roadening  of the  Hp line w ere chosen as the  ion isation  diagnostics. 
The design and im plem entation  of these  techniques is to be detailed  in  
the  following sections.
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4.4 Infrared interferom etry
4.4.1 The experimental arrangement
The infrared interferometric ionisation diagnostic, was chosen for 
several reasons. It allowed a high degree of spatial and temporal 
resolution, was non-intrusive and the change in the refractive index 
was purely a function of the electron number density. The contribution 
from the heavy particles to the refractive index was negligible when 
compared with that from the electrons. (Calculations showed the 
fringe shift due to heavy particles, at the experimental conditions and 
wavelengths, to be of the order of 1/20 of a fringe. This was not 
resolvable in the present experiment.) The experimental schematic 
employed is presented in figure 4.4. An overview of the experimental 
system is briefly described below. The various components that 
constitute the system are mentioned, but are discussed in further detail 
in the following sections.
A Michelson interferometer was constructed about the shock tube exit 
in order to determine the electron number density profile as the shock 
front exits the tube. As discussed in section 4.2.4, the interferometric 
system was constructed as close as possible to the shock tube exit to 
minimize the effects on the path length due to the presence of the Mach 
cone. To achieve the highest possible spatial resolution, it was 
necessary to have the smallest possible beam diameter in the test and 
reference arms. This was achieved by placing an aperture in the CO2 
laser beam in the form of a circular iris; diffraction effects presented no 
problems. The C02 laser beam could be seen, and therefore aligned in 
the optical system, using phosphorescent plates illuminated by an
To Tim ing U nit
Shock Tube
Gold M irror
P hotod iode  
Tim ing S tation
P hotod iode  
Tim ing S tation
?N-*a
C oncave  
Gold M irror
Infrared D etector
Figure 4.4
The schematic diagram detailing the experimental arrangment 
for the infrared interferometric experiments
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ultrav io le t lam p. The beam  d iam eter was sufficiently sm all across the  
shock tube exit to give the  desired  spa tia l resolution. The M ichelson 
in te rferom eter employed w as typical except for th e  optics w hich were 
specific to the  10.6 pm C 0 2 la se r radiation.
T he in f ra re d  d e te c to rs  w ere  d e sig n ed  sp ec ifica lly  for p u lse d  
applications. As such th e ir  sensitiv ity  decreased d ram atically  during  
CW applications, as the  te m p era tu re  of th e ir  active a re a  increased  
rap id ly  du rin g  exposure. To ensu re  optim al sen sitiv ity  d u rin g  the  
experim en tal ru n , a m echanical sh u tte r  w as placed in  th e  in fra red  
beam  (although prio r to th e  experim en t the  shock tube blocked the  
in frared  beam  in  the  te s t arm  as i t  was in  the forw ard recoil position, i t  
w as still necessary  to sh u tte r  the  reference arm ). This sh u tte r  w as 
opened by a trigger pulse received from a photodiode. The only ligh t 
allowed to fall on th is  photodiode was a He-Ne lase r which w as im aged 
onto its  active area. The alignm ent of th is  He-Ne lase r and  photodiode 
was such th a t  a beam  dump, a ttached  to the shock tube, obstructed the  
He-Ne beam  w hen in  the  forw ard recoil position before the  shot, b u t 
allowed the beam  to fall on the  photodiode w hen the  tube had  recoiled 
approxim ately  2 m m  out of its  to ta l recoil len g th  of 11 mm. T his 
triggering  system  w as essen tia l w hen one considers the  tim e scales 
involved in  th e  ex p erim en t. A ny m echan ica l s h u t te r  re q u ire s  
m illiseconds to open. T he shock w ave how ever m oves in  th e  
microsecond tim e scale. Hence the  sh u tte r  could not be opened in  tim e 
by any trigger associated w ith  the  propagation of the  shock front. The 
recoil however, occurs on a sufficiently slow tim e scale, such th a t  the  
sh u tte r  m ay be opened before th e  shock exits the  tube. The full 
experim en ta l schem atic  of th e  electronics system  for th e  in fra re d  
in terferom etric  experim ents is p resen ted  in  figure 4.5.
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trigger in gate out0  = photodiode
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output Trigger in
Gate outIR Detector
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Mechanical
shutter
C 02
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laser
Shutter
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Digital CRO
LeCroy unit
Thermoelectric cooler
current for infrared detector = 60 mA at 5V
C02 laser operating conditions = 34 psi gas pressure,
15 mA tube current
Bias voltage for infrared detector = 8.5 V at 39 mA
Figure 4.5
The schematic diagram detailing the experimental arrangment 
for the infrared interferometric experiments
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Hetrodyning the infrared signal was contemplated in order to remove 
any discrepancy tha t may have occurred in the phase direction. This 
could have been achieved, for example, by piezoelectrically driving the 
reference mirror of the interferom eter during the experimental run. 
The hetrodyning technique was however ruled out for several reasons. 
Firstly, the relatively large mirror would have had to be driven a t a rate 
approaching 50 MHz, tha t is, a t least an order of magnitude greater 
than the experimental frequency. Another restriction, is the distance 
that the interferometer mirror must be driven in order to maintain this 
frequency at a constant value during the required test time. It can be 
shown tha t for a test time of 10 ps, an interferometer wavelength of 
10.6 pm and a hetrodyning frequency of 50 MHz, a mirror displacement 
of at least 2.5 mm is required. Furtherm ore, to achieve this 
displacement in the required test time, the mirror would need to be 
driven at a velocity of a t least 250 ms-1. The aforem entioned 
requirements are well outside the currently available piezoelectrically 
driven translation devices.
At the experimental wavelength, bound-free and free-free transitions 
start to become important. These transitions are in the continuum and 
as such, there is no Sellmeier like dispersion curve which can affect 
the phase of the system and cause discrepancies in the reduction of the 
phase measurement to electron densities.
4.4.2 The Michelson interferometer
The windows and compensators of the Michelson interferometer were 
made of Zinc Selenide (ZnSe) with a thickness and diam eter of 
20 mm ± 1 mm (Janos optical corporation; model 9000-3201). These
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optics had a surface flatness of XJ10 at X=632.8 nm and a parallelism of 
3 seconds of arc. They were not anti-reflection coated. The windows 
were mounted at 10° to the optical axis in order to eliminate any 
anomalous fringes due to internal reflections. The mirrors were 20 
mm diameter, gold coated, with a surface reflectivity of > 98% at X=10.6 
(im and had a surface flatness of A/10 at ^=632.8 nm.
The beam splitter was also made of ZnSe and had a diameter of 25.4 
mm and a 2 mm thickness (Oriel corporation, model 45363). The beam 
splitter had a surface flatness of X/40 at X=10.6 pm and a parallelism of 
3 minutes of arc or better. The front surface had an all dielectric 50/50 
coating at 10.6 pm and 45° while the rear surface had an anti-reflection 
multi-layer dielectric at 10.6 pm and 45°. All optics were placed on 
Oriel corporation transverse mounts that were secured to a concrete 
table damped from external vibrations.
4.4.3 The tunable CW CO2 laser
The laser employed as a light source for the Michelson interferometer 
was a Model TCX-5 tunable C02/CO laser system (Laser Dynamics 
Limited). This laser was chosen due to its versatility, compactness and 
high degree of beam stability. The laser typically produced 6 Watts 
TEM00 on the P-20 line (10.6 pm). It has a flowing gas system that 
offers a wavelength range of 5-11 pm by appropriately selecting the gas 
mixtures. Only C 02 was used in the present investigation and 
therefore only the P-20 line was used. The amplitude stability of this 
laser was better than 1% and the frequency stability was better than 2 
parts in 109 over 0.1 seconds. The laser cavity underwent some change 
in length due to thermal expansion as soon as it was powered up and
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hence i t  did not operate stably  on the  P-20 line for 5 m inu tes or so (at 
w hich tim e i t  h ad  reached  equilibrium ), a fte r which the  stab ility  was 
as quoted above.
4.4.4 The HgCdTe infrared detectors
T he in f ra re d  d e tec to rs  u sed  in  th e  p re s e n t  in v e s tig a tio n  w ere 
photoconductive devices. T hese devices a re  sem iconductors whose 
r e s is ta n c e  d e c re a se s  w h en  ex p o sed  to  in f r a r e d  r a d ia t io n .  
Photoconductive devices have a mode of operation som ew hat sim ilar to 
th a t  of o ther photon detectors, such as photom ultip liers. The in frared  
photons how ever do not have sufficient energy to com pletely remove 
electrons from a surface, as w ith the photom ultiplier. They do however 
have enough energy to free an  electron from the  crystal la ttice  and so 
increase the  num ber of free electrons and/or holes th a t  act as cu rren t 
carriers. The process has been described as an  in te rn a l photoelectric 
effect. This effect is amplified by cooling the sem iconductor and thereby 
reducing the  num ber of therm ally  excited electrons. HgCdTe detectors 
were chosen for th e ir high specific detectivity  and fast response tim e a t 
10.6 |im.
In itia l  e x p erim en ts  w ere  conducted  u s in g  a B oston  e lec tron ics 
corporation high speed uncooled in fra red  laser detector (model R005-2). 
T his is a room  te m p e ra tu re  h igh  speed H gCdTe photoconductive 
device, w ith  an  active a rea  of 1 m m 2, a rise tim e of 1 ns and  optim ized 
for th e  10.6 qm  C 0 2 la s e r  ra d ia tio n . Losses in  th e  M ichelson 
in te rfe ro m ete r (reflections off the  windows, com pensators and  beam  
sp litte r etc), resu lted  in  approxim ately 250 mW of C 0 2 lase r rad ia tion  
fa lling  on th e  de tecto r. B ecause of th ese  low pow ers, and  the  
resp o n siv ity  of th e  device be ing  only 20 mV/W a t  10.6 |im , a
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peak—to—peak ou tpu t of only 1-4 mV was obtained  (th is problem  was 
am plified as the  sensitiv ity  decreased as the tem pera tu re  of the detector 
surface increased  due to absorp tion  of the in fra red  rad ia tion ). This 
o u tp u t was unacceptably  low in  the  electrically  noisy env ironm ent in  
w hich the  experim ent w as tak ing  place. In  an  a ttem p t to rectify  th is  
problem , a h igh  speed am plifier w as b u ilt using  th e  in teg ra ted  circuit 
SE/N E592. T his is a wide b an d  video am plifier w ith  a 120 MHz 
bandw id th  w ith  ad justab le  gain  from  0 to 400. The charac teristics of 
th is  am plifier were studied , and  it  w as found not to be lin ear over the  
en tire  frequency range  of in te re s t. F u rth e rm o re , i t  w as found th a t  
e le c trica l noise w as re a d ily  am p lified  an d  cau sed  co n sid erab le  
problem s a t the  triggering  stage, p re-triggering  of the  digital recording 
device being a common problem . M uch work w as u n d e rta k en  w ith  
F a ra d a y  sh ie ld ing  in  an  a tte m p t to reduce noise as seen  by th e  
am plifie r, b u t i t  w as n o t possible to reduce  th e  noise  below  th e  
experim ental signal which was of order 1 mV.
To overcom e th e  low signal and  am plification  problem s, a  second 
d e te c to r w as ob ta ined . T h is w as an  EG & G Ju d so n  in fra re d  
in co rp o ra ted , h igh  speed th e rm o elec trica lly  cooled in fra re d  la s e r  
de tec to r (model J15TE4/10-M C31G-SO1M ). A gain th is  is a HgCdTe 
photoconductive device w ith  an  active a rea  of 1 m m 2, a rise tim e of 1 ns 
and  optim ized for the  10.6 Jim C 0 2 la se r rad iation . The responsivity  of 
th is  device however w as som ew hat h igher a t 2 V/W. F urtherm ore , due 
to th e  therm oelectric  cooling, the  in h e re n t noise (due to th e rm a l 
electrons) was g rea tly  reduced. The Ju d so n  in fra red  detector, being 
therm oelectrically  cooled, requ ired  a h e a t sink a t  the  back surface of 
th e  cooler capable of d issipating  a t  lea s t 10 W atts w ith  less th a n  2 K
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te m p era tu re  rise  (the  m axim um  h e a t sink  tem p e ra tu re  w as no t to 
exceed 323 K). Due to the  high cost of the  device, coupled w ith  the  fact 
th a t  overheating  would cause p e rm an en t dam age in  a sho rt tim e, a 
w a te r cooled copper h e a t sink  w as constructed  a round  the  detector. 
The design of th is  h e a t sink  is p resen ted  in  figure 4.6. The in fra red  
detecto r w as “g lued” to th e  h e a t sink  w ith  a th e rm ally  conducting 
paste.
The coolant w as a m ix tu re  of d is tilled  w a te r  (w ith  a n  an ti-a lg ae  
additive) and  e thelyene glycol, k ep t by two re frig e ra tio n  u n its  a t  a 
tem pera tu re  of 278 K. This was pum ped th rough  the  h ea t sink a t  a ra te  
of 5 liters/m in  and m ain ta ined  the  surface tem pera tu re  of the h e a t sink 
a t 278 K. To elim inate any condensation th a t m ay have occurred on the  
de tecto rs optical surface , an  a ir - t ig h t cover w as b u ilt  a ro u n d  th e  
detector so th a t  n itrogen  could be purged  th rough , and  subsequen tly  
sealed. A rubber “b ladder” was incorporated  in to  the  n itrogen  supply 
line to com pensate for volum e changes th a t  occur as a re su lt of the  
n itrogen cooling and  thereby  rem oved any undue m echanical s tress on 
the detector. All w iring from the detector passed  th rough  a hole in  the  
enclosure, which w as sealed  a fte r fitting . A sim ple b ias c ircu it was 
a ttach ed  d irectly  to th e  back  of the  h e a t s ink  in  o rder to have the  
detector as close as possible to the bias electronics. This was done in  an  
a tte m p t to m in im ize  e le c tro m ag n e tic  p ickup  an d  e a r th  loops. 
E lec tro m ag n e tic  no ise  p roved  to be a se rio u s  p rob lem  in  th e  
e x p erim en t. O p e ra tin g  w ith  v e ry  low s ig n a l lev e ls , sev e ra l 
e lectrom agnetic  sources, (electrical noise from  the  C 0 2 la se r pow er 
supply, the  bias electronics and two local FM radio sta tions operating  
on nearby  bands), w ere picked up and  convoluted w ith  the  in fra red
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Figure 4.6
The design of the infrared detector housing showing the water 
cooled, copper heat sink, bias electronics and N2 purge system.
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signa l. F a ra d a y  sh ie ld ing  and  “tru e  e a r th s ” w ere em ployed to 
elim inate  these problem s. The power to th e  therm oelectric  cooler was 
provided by a constan t cu rre n t supply  w ith  less th a n  2% ripp le . A 
d ig ita l m u ltim e te r  w as used  to m onito r th e  th e rm is to r  res is tan ce , 
which was indicative of the  detector tem p era tu re . The therm oelectric 
cooler was operated typically a t a tem p era tu re  of approxim ately 190 K. 
W hen the  CW C 0 2 lase r was im aged onto the  detector, the  tem pera tu re  
of the  detector would again  rise, causing the  sensitiv ity  to decrease and 
indeed approached the  1 mV ou tp u t of the  Boston electronics uncooled 
in frared  device. This heating  process had  a tim e constan t of th e  order 
of 5 seconds, and  hence appropria te  m illisecond sh u tte rin g  of the  C 0 2 
laser, e lim inated  th is  problem . W ith  the  h e a t sink  opera tional, the 
therm oelectric cooler was able to cool to tem p era tu res  some 50 K lower 
th a n  w hen the  detector was a ir cooled, resu lting  in  a signal increase of 
some 30%.
4.4.5 Data acquisition
Two high  speed d ig ital recording  u n its  w ere em ployed in  th e  fringe 
coun ting  experim en ts; th ese  be ing  a 32 M Hz LeCroy h igh  speed 
tran s ien t recorder and a 20 MHz Phillips D igital CRO. Both u n its  were 
continuously  recording devices w hereby one could, in  effect, g a th e r 
d a ta  before the  triggering  event. As the  final tim ing  photodiode was 
140 m m  from the  tube  exit, th is  w as used  to trig g e r bo th  recording 
devices. As the devices had  an effective recording tim e a fte r trigger of 
100 ps and since the shock front took approxim ately 15 ps to transverse  
the 140 mm, no delay u n it was necessary. A M acintosh P lus in terfaced 
to the  LeCroy tran s ien t recorder allowed downloading of the  d a ta  via a 
Mac 488A IEEE Bus Controller, while the d a ta  captured  on the  Phillips 
digital CRO was photographically recorded and  subsequently  digitized.
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4.5 Stark broadening o f the Hß line
4.5.1 Introduction
The line broadening mechanisms due to the Doppler effect and the 
Stark effect have attained great experimental importance in plasma 
diagnostics. Since these effects depend upon param eters such as 
temperature, pressure and the populations of electrons, atoms and ion 
fields, it is possible to determine these param eters experimentally by 
studying specific line profiles. These studies, coupled with an accurate 
theoretical basis, provide a convenient, non-in trusive plasm a 
diagnostic.
As a rule of thumb, Doppler broadening increases with increasing 
tem perature, whereas S tark  broadening increases with increasing 
electron number density. Broadening by charged particles is due to the 
linear Stark effect for hydrogen and hydrogenic lines and the quadratic 
Stark effect for other atoms. The line profile (or more importantly, 
their FWHM) depends directly on the density of free electrons.
Wherever possible, the hydrogen and hydrogenic like lines are most 
often employed as the diagnostic. The first choice for electron 
population measurements was the Hß line. This transition is strong, 
very well broadened (broadening can be of the order of tens of 
nanometers with effectively no line shift) and does not overlap with 
neighbouring lines which can make data reduction difficult (unlike the 
Ht and H5 lines at high electron populations). The Hß line (X.=486.1 nm) 
is in a part of the spectrum that is readily accessible, clear of molecular 
and atomic transitions tha t may have competed with it, and, since it
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possesses an intensity  dip a t its centre due to the absence of an 
unshifted S tark  component, it  is not prone to self absorption. 
Furtherm ore the in tensity  dip results in a shape th a t is a very 
characteristic and easily detectable fingerprint. Most im portantly 
however, the theory is well developed for the Hß transition  and 
experiments suggest that electron densities may be determined to better 
than 7%.
The Stark broadening of the Hß line was monitored for two reasons. 
Firstly, it provided a check of the results obtained in the infrared 
interferom etric experiments. Secondly it  allowed a more accurate 
interpretation to be made of fractional fringe shifts. Due to the very low 
signal levels coupled with the inverse Brem sstrahlung absorption 
(Penner and Olfe, 1968), fractional fringe shifts (Ap<l/2) were difficult 
to reduce to electron populations. Without a simultaneous measure of 
this absorption, the magnitude of the fractional fringe shift could not be 
accurately determined. The Stark broadened m easurem ents set the 
upper limit to the population and hence measurements from fractional 
fringe shifts could be confirmed. The Hß line was chosen specifically 
because of the accurate theoretical analysis that has been conducted on 
it, and because the broadening parameters are well documented.
4.5.2 The experimental arrangement
In the present investigation, a small percentage (0.5% by number 
density) of H2 was added to the test gas prior to the experiment. The 
line profile of the second Balmer line, Hß, was observed. It was 
calculated a t an early stage in the experiment, using expected 
experimental values for the tem perature, th a t a t the experimental
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regim e of in te rest, the Doppler broadened profile would account for only 
a sm all percen tage of the FW HM com pared to th e  S ta rk  broadened 
profile a t  the  position behind the  shock front w here the  m easurem ents 
were to be m ade.
For hydrogen in  the  region of complete dissociation and ionisation, the 
po ten tia l energy per atom  is 15.74 eV (the dissociation per H  atom  is 
2.24 eV and the ionisation energy is 13.5 eV). The ionisation potential of 
H 2 is 15.442 eV. T hese p o ten tia ls  a re  h ig h er th a n  th e  ion isation  
po ten tials of N, O, N 2, 0 2 and NO. Therefore i t  was not expected th a t 
e lectrons lib e ra ted  by the  possible ea rlie r ion isation  of th e  hydrogen 
w ould  cau se  an y  s ig n if ic a n t ch an g e  in  th e  in d u c tio n  tim e. 
Furtherm ore , as the  num ber density  of the  hydrogen im purity  w as very 
low, i t  was shown th a t  any dissociation and  subsequent ionisation of H2 
had  a negligible effect on the to ta l electron population. Even h ad  the 
induction  tim e changed slightly  as a re su lt of the  hydrogen im purity , 
th is  would have had  little  effect on the  resu lts , as the S ta rk  broadening 
m easu rem en ts w ere conducted a t a position beh ind  the  shock w here 
th e  electron populations had  fully evolved to th e ir  pseudo-equilib rium  
va lues. The ex p erim en ta l a rra n g e m e n t for th e  S ta rk  b roadened  
experim ents are p resen ted  in  figure 4.7.
A point close to the  exit of the shock tube was im aged onto the entrance 
slit of a 1 m ‘Spex’ spectrom eter, the  ou tpu t of which was m onitored by 
an  Optical M ultichannel A nalyser (OMA). The OMA has 500 channels 
in  the  horizontal and  the  resolution w as 0.015 nm  per channel. The 
OMA was gated for an  in terval of 0.5 jis .
To Timing Unit
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Figure 4.7
Schematic diagram detailing the experimental arrangment for 
the Stark broadening experiments.
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If  the  tim e evolution of the line profile was not constan t during  the  gate 
tim e of the  OMA (th a t is if  line centre is populated m ore rap id ly  th an  
the  wings of a given tran sition ), th en  the  OMA will see a convolution 
betw een a shallow  broad L o ren tz ian  and  a steep  narrow  L oren tzian , 
resu lting  in  a m eaningless line w idth. To ensure  th a t  th is  was not the 
case, the  tim e evolution of the  line w as checked w ith  a photom ultip lier 
a t different de tun ings and w as shown to be constant to about 5%.
4.5.3 The Optical Multichannel Analyser
T he OMA is a n  in s t ru m e n t  d e s ig n ed  for th e  s im u lta n e o u s  
m easu rem en t of lig h t in ten s ity  in  a lin e a r  a rra y  of 500 channels. It 
consists of two p a rts . The first, th e  OMA h ead  (P rinceton  Applied 
Research, model 1205 D), is a  Videcon silicon in tensified  tube detector. 
T his h ad  been m an u fac tu red  w ith  a fibre optic face p la te  and  was 
equipped w ith  the  option of a UV sc in tilla to r, extending  the  effective 
w avelength a t which the detector m ay be employed. The fibre optic face 
p la te  h a d  an  a p e r tu re  d ia m e te r  of 12.5 m m  and  is of q u a rtz  
construction. The detector had  a rise tim e of 1 ns and could be operated 
in  gated or real-tim e mode. The detector is lin ear w ith  respect to light 
in tensity  over the  range of 100 to 800 nm  and one channel a t a  tim e is 
read  w ith  a scanning electron beam .
The second com ponent is  th e  OMA d riv e r, (P rin ce to n  A pplied 
Research, model 1205 A). B oth the  head  and  d river were m atched  a t 
the  tim e of m anufacture. The OMA driver is essen tia lly  a solid sta te  
m em ory un it. In itia lly  the  d river d igitizes signals coming from  the 
head, and once in  digital form, directs the da ta  to e ither of two 500 word 
21 bit memories.
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There exist two ancillary units to the OMA. The first is the OMA gate 
pulse generator. This comprises a Marx generator tha t powers two 
krytrons, one being the on (gate open) krytron and the other being the 
off (gate closed) krytron. The open/close time was controlled by an RC 
circuit whose RC time (and hence gate time) was adjustable from 0.5 ps 
to 100 ps. The gate open time was essentially instantaneous. A 
negative going 1130 V pulse was required by the OMA head to gate. 
Focusing was achieved by changing the amplitude of the gate pulse. 
The second unit was the OMA reset controller. This device resets and 
holds clear the “A” memory of the driver. A trigger pulse sent to the 
reset controller, starts memory “A” recording and instructs the OMA 
gate pulse generator to open. After the experimental run, the contents 
of memory “B”, containing background radiation, was subtracted from 
memory “A”. The resu ltan t (which holds the experimental data), 
located in memory “A—B”, was then downloaded to a Macintosh Plus 
via an RS-232 interface. A schematic diagram of the electronics 
system for the Stark broadened experiment is presented in figure 4.8.
4.5.4 The photomultiplier
The temporal resolution of the OMA is limited by the gating time. By 
virtue of its design, the OMA integrates in time any signal it is 
monitoring during this gate time. This will introduce errors in the 
extracted profile if, a t various detunings from line centre, the emission 
is evolving at differing rates. Should the time evolution of all parts of 
the line profile be equivalent, and with adequately small gating times, it 
is possible to establish the FWHM of the line from the OMA results 
after deconvolution of the instrum ent function. To this end, it was 
necessary to establish the time evolution of the Hp line at various
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The electronics systems employed with the Stark broadening 
experiments.
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detunings from line centre. The photom ultip lier employed for th is  p a rt 
of the experim ent was an RCA 1P28. This photom ultip lier was peaked 
for 400 nm  w ith  an  absolute sensitiv ity  of 50 mA/W a t th is  w avelength. 
I t had  an  anode pulse rise  tim e of < 2 ns. The RCA 1P28 requ ired  50 Q 
te rm in a tio n  to e lim in a te  cable re flec tio n s a t  th e  e x p e rim e n ta l 
frequency.
4.5.5 Triggering and timing
The previous section described  th e  procedure w ith  w hich th e  tim e 
h isto ry  of th e  Hß line  w as m easu red  a t  several de tun ings. T hese 
experim en ts d em o n s tra ted  th a t  the  evolu tion  across th e  line  w as 
e ssen tia lly  c o n stan t (from  line  cen tre  to ± 40 nm  from  line  centre) 
w ith in  the  firs t 3 [is. I t  w as necessary  therefore to gate the  OMA for 
th is  period of tim e for which the  tim e evolution w as a constan t. As 
described in  section 4.5.3, i t  w as possible to gate the  OMA down to an  
in te rva l of 0.5 [is. A problem  arose however in  the  tim ing  of th is  gate 
pulse. On receiving a trigger, the  OMA gate pulse generato r requ ired  
l[is to open. This w as due to electronic propagation delays. Hence the  
pulse generato r had  to be triggered  lp s  before the  a rriva l of th e  shock 
front. I t  w as no t possible to use some trig g e r u p s tre am  of th e  te s t  
section delayed by an  appropria te  tim e. At shock velocities of 10 k m s'1, 
the  closest tim ing  s ta tion  from w hich a trigger could be tak en  was, in  
tim e, 30ps away. To delay th is  trig g e r for th e  ap p ro p ria te  period, 
required  knowing the shock velocity to b e tte r th an  1 p a rt in  30 from shot 
to shot. This was not possible in  the p resen t investigation.
To allow triggering  lp s  prior to the  shock arriv ing, a special assem bly 
was designed th a t  allowed a p in  photodiode to be flush m ounted to the  
shock tube in n e r surface, 10 m m  (1 ps in  tim e a t 10 km s4 ) from  the
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tube exit. The design of th is  photodiode trigger is p resen ted  in  figure 
4.9. C are was taken  to ensure  th a t  the  photodiode did not d istu rb  the 
flow. The diode w as inside  the  dum p ta n k  du ring  th e  experim ent. 
S ignals coming from i t  w ere received, v ia a cable lead ing  th rough  a 
vacuum  tig h t seal, to its  am plifier.
4.6 Em ission from m olecular nitrogen
4.6.1 The experimental arrangement
E m ission  from  m olecu lar n itro g en  w as m onito red  as a m ean s of 
de te rm in ing  th e  ro ta tio n a l tem p era tu re . Section 5.4.3 ou tlines the  
m ethod  by w hich th e  ro ta tio n a l te m p e ra tu re  m ay be deduced by 
m easu rin g  th e  tim e resolved  em ission  of two d iffe ren t ro ta tio n a l 
t r a n s i t io n s  in  a g iven  v ib ra tio n a l  b a n d . T he e x p e rim e n ta l 
a rra n g e m e n t for th e  tech n iq u e  is p re se n te d  in  figu re  4.7. The 
experim ental a rrangem en t for these  experim ents w as the  sam e as th a t 
used for the  S ta rk  broadening  experim ents. One p a rticu la r ro ta tional 
tran s itio n  w as chosen and  th e  spectrom eter was placed onto th a t  line 
(accurate  w aveleng th  ca lib ra tion  is d iscussed  in  section 6.4). This 
technique gave one tem porally  resolved re su lt per firing  of the  shock 
tube. A nother ro ta tional tran s itio n  (w ithin the  sam e v ibrational band) 
w as chosen and  th e  spectrom eter w as placed onto th a t  line. This 
procedure produced the  two requ ired  tem porally  resolved ro-vibronic 
transitions, and  relied on good shot-to-shot repeatability .
The spectrom eter could not sim ply be “placed” a t  the  correct spectral 
position in  order to m onito r the  em ission from  a specific ro ta tio n a l 
level. I t  was not considered accurate  enough to use theoretical values
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Figure 4.9
Design of the pin photodiode housing showing, diode, flush 
mounted, 10 mm from the tube exit. End section of tube may be 
removed. Power and signal are fed, via cables, to amplifiers 
through a vacuum tight seal.
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for the wavelengths and associated rotational quantum  numbers. To 
account for any possible shift in the lines of interest, it was necessary to 
obtain a spectrum of the rotational transitions at and around the 
vibrational bands of in terest. This was done employing the same 
experimental technique utilized in the Stark broadening experiments, 
section 4.5.2.
4.6.2 The molecular transitions
Emissivity calculations for the constituents of hot air have shown (see 
section 2.3, chapter 2) th a t the strongest em itters, a t tem peratures 
applicable to hypersonic vehicles, are the first negative system of N2+ 
and the second positive system of N2. The energy level scheme for these 
molecular transitions are presented figure 4.10. Park (1989) considers 
in the TTV model, th a t the radiation a t wavelengths between 400 nm 
and 420 nm comprised mostly of the first negative band system of N2+ 
and tha t in the wavelength range 550 nm to 1000 nm contains atomic 
line emission from N and O atoms and the first positive system of N2.
4.7 Em ission from atom ic and ionic oxygen
4.7.1 The experimental arrangement
Among the strongest atomic em itters in shock heated a ir are the 
atomic oxygen transitions a t 777.196, 777.418 and 777.540 nm. These 
atomic transitions are detailed in section 4.7.2. The relative intensities 
of these transitions were monitored at various pressures in order to 
determine the dependence of the atomic excitation on density and 
determine the optical opacity of the plasma. The 464.914 nm transition 
in ionic oxygen was also monitored with the same experim ental
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Figure 4.10
Energy level diagram of the N~ molecule showing the first and 
second positive groups o f N2 ana the 2I u — > 2Ig transition in i\£ , 
responsible for the strong emission in shock heated air. Figure is 
reproduced from Herzberg (1950)
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technique in  order to m ake a  m easu rem en t of th e  rela tive  in ten sity  of 
tran sitions in  0  and 0 +. This tran sitio n  in  0 + was chosen because i t  lay 
in  a rela tively  clean p a r t  of the  spectrum , free from the strong em itters 
of shock heated  air. F u rtherm ore , the  em ission was to be observed in 
th e  quasi-equ ilib rium  region  w here th e  d issociation  w as essen tia lly  
complete and  the  m olecular tran s itio n s  have peaked in  th e ir  em ission. 
I t  m ay have been  possible to em ploy la se r  absorp tion  spectroscopic 
techniques on the oxygen ion, however the  population of the  ionic levels 
w as re la tive ly  low, and  w eak absorp tion  lines a re  m ore difficult to 
m easure  th a n  w eak em ission lines, as th e  signal-to-noise ratio  is less 
favourable. I t  tra n sp ire d  th a t  the  ionic oxygen em ission h a d  to be 
observed over severa l se p a ra te  accu m u la tio n s of th e  OMA from  
successive experim en tal ru n s  a t  the  sam e condition. This of course 
would not have been possible w ith  a la se r absorption experim ent. The 
experim en tal a rran g em en t for the  atom ic and  ionic oxygen em ission 
experim ents is p resen ted  in  figure 4.7. The experim en tal se tup  was 
alm ost identical to th a t of the  m olecular em ission experim ents, section 
4.6, except for the  in troduction  in to  the  optical system  of a broadband  
filter (W ratten  filte r # 72B) which cut-off any em ission below 500 nm. 
This filter was essential, as i t  was necessary to remove contributions to 
the spectrum  from the in tense  em ission coming from the  (0,0) and  (1,1) 
ro-vibronic tran sitions of N 2+ a t 388.1 and 391.0 nm. These transitions 
overlap in  second order, w ith  the  atom ic oxygen lines of in te rest.
4.7.2 The oxygen transitions
There a re  several reasons why the  aforem entioned oxygen tran s itio n s  
were selected for investigation.
1. They are well docum ented in  the lite ra tu re  (Wiese et al (1969 & 
1980) and have reliable values for the ir oscillator strengths.
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2. The atom ic lines a re  spec tra lly  iso la ted , and  th e ir  in te n s ity  
read ily  exceeds th e  background  rad ia tio n  a t  777.0 nm , a n d  sim ple 
optical filte ring  could rem ove the  problem  associated  w ith  em issive 
contributions coming from second order.
3. The upper levels of the  atom ic tran sitio n s are  fa r rem oved from 
the effects of a decrease in  the  ionisation potential due to the  broadening 
of the  high lying Rydberg sta tes. T h a t is, they  are not tran s itio n s  to a 
pseudo-con tinuum .
4. The ionic tran s itio n  is also spectra lly  isolated, lying in  a clean 
p a r t  of th e  spectrum , an d  th e  u p p e r level is  am ongst th e  m ore 
populated of the  ionic levels.
An energy  level d iag ram  of th e  atom ic tra n s itio n s  in  question  is 
p resented  in  figure 4.11.
4.8 Infrared CW diode laser absorption by 
atomic oxygen
4.8.1 The experimental arrangement
The levels in  atom ic oxygen, studied in  the  em ission experim ents, were 
also selected  for study  w ith  in fra re d  CW diode la s e r  ab so rp tio n  
spectroscopy. The ex p erim en ta l schem atic  for th is  ex p erim en t is 
p resen ted  in  figure 4.12. Typically, optogalvanic tu n in g  w ould have 
been employed to m easu re  the  de tun ing  from line  cen tre  in  such an  
experim ent. U nfortunately , th is  w as not possible in  th e  p resen t work 
as one w ould have requ ired  an  oxygen hollow cathode or d ischarge 
lam p. Such a lam p is difficult to m ake as oxygen is of course very 
reactive. I t  m ay have been possible to construct a lam p using  gold or
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Schematic diagram detailing the experimental arrangment for 
the CW diode laser absorption experiment.
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p la tinum  electrodes th a t  a re  no t as reactive in  the  oxygen p lasm a, b u t 
in  th e  p re se n t work, th is  w as n o t possible. F u rth e rm o re , i t  w as 
considered th a t  such a  lam p m ay contribu te  considerably to th e  line 
spectrum , as gold, for exam ple, h as  a m u ltitu d e  of tra n s itio n s  and  
s p u tte r in g  m ay  h av e  becom e a p rob lem . B ecause  of th is , a 
“hom e—m ade” d ischarge  lam p  w as construc ted  and  filled  w ith  a ir. 
The oxygen tran sitions of in te re s t were clearly visible in  th is  discharge 
lam p  u s in g  a d iffe ren t OMA u n it  (OMA II P rin c e to n  A pplied  
R esearch ) coupled w ith  th e  sp e c tro m e te r (q u ite  obviously , th is  
discharge lam p regu larly  b u rn t out). The diode la se r w as tu n ed  un til 
its  profile was coincident w ith  the  tran s itio n  of in te res t. The spectrum  
was digitally  recorded and  i t  w as determ ined w here under th e  oxygen 
profile the  la se r  w as s ittin g  d u ring  the  experim en tal ru n . G re a te r 
accuracy  in  tu n in g  could be achieved u sin g  th e  re su lts  from  th e  
em ission experim ents, as th e  line  profile and  spectra l position  w ere 
well know n for the  transition . The diode laser possessed several modes 
u n d er its  gain  curve. I t  w as possible to tim e th e  la se r  to one of its  
modes w ith in  a narrow  tu n in g  range. However, in  general the  la se r  
w as not continuously tunab le . In  fact, during  the  tu n in g  process, the  
la se r w as prone to jum p to an  ad jacen t mode leaving  spectra l regions 
th a t  were not accessible. The diode la se r  will be d iscussed  in  m ore 
de ta il in  the  following section. The tra n s itio n  of in te re s t  w as no t 
perfectly coincident w ith  a stable mode of the diode lase r and  as such it  
was extrem ely difficult to lock the  diode laser a t the  desired w avelength 
for a long period of tim e. The uncerta in ty  in  the spectral position of the 
diode la se r ou tpu t w ith in  the  oxygen profile, was by fa r the  g rea te s t 
contributor to erro r in  these  experim ents. I t  is no t a ltogether clear as 
to how a more accurate  w avelength  calib ration  can be achieved w hen
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oxygen tran sitions are being investigated  by la se r spectroscopy. I t  w as 
only th rough  a knowledge of th e  spectra l position of the  777.196 nm  
tran s itio n  obtained from the em ission spectroscopic work, coupled w ith 
the  calib ration  obtained w ith  the  hom e-m ade a ir  discharge lam p (th a t 
only survived for a b rie f tim e) th a t  resu lts  were obtained a t all. This 
problem  will be of considerable im portance to anyone w ishing  to do 
sim ilar work in  atom ic oxygen a t these  w avelengths.
4.8.2 The infrared CW diode laser
The use of diode lasers  in  atom ic spectroscopy has been d iscussed a t 
leng th  by C am paro (1985). The diode la se r is a sem iconductor diode. 
W hen electrically excited, the  electrons and  holes recom bine w ith in  the  
junction  and  em it the  recom bination energy. Above th resho ld , w hich 
is d ep en d en t on th e  sem iconductor type, th e  em itted  ra d ia tio n  is 
in te n se  enough  to m ake  th e  in d u ced  em ission  ra te  exceed th e  
spon taneous ra te . T his em ission  m ay  be am plified , v ia  m u ltip le  
reflections, w ith in  th e  crystal assum ing  o ther de-excitation processes 
are  slow in  com parison.
The diode la se r  employed in  th e  p resen t experim ents w as a Liconix 
Diolite-800 diode la se r system  driving a split cathode la se r diode. The 
system  operated over the  spectral range of 775-780 nm  using M itsubishi 
780 nm  diodes. The spectral ou tpu t of the diode laser is a L orentzian  
shaped line  of w idth  less th a n  50 MHz. The w avelength  o u tp u t is 
varied  by ad justing  the  tem p era tu re  of the  device, th u s  changing the 
cavity dim ensions.
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Chapter 5
DATA REDUCTION
5.1 Introduction
T his c h ap te r d e ta ils  th e  theo ry  req u ired  to reduce th e  m easu red  
p a ra m e te rs  to a form su itab le  for com parison w ith  the  theo re tica l 
m odels and previous experim ental work. The in fra red  in terferom etric  
d a ta  and  th e  S ta rk  b roaden ing  m easu rem en ts  m u st be reduced  to 
e lectron  populations. The th eo re tica l w ork necessary  to do th is  is 
d iscussed  in  sections 5.2 and  5.3. In  o rder to m ake com parison 
be tw een  th eo ry  and  ex p erim en t for th e  em ission  an d  abso rp tion  
m easurem ents, i t  is necessary to explicitly determ ine the  em ission and 
ab so rp tio n  signa ls  p red ic ted  by th e  tw o—te m p e ra tu re  an d  single 
tem p e ra tu re  m odels. T he th eo re tica l w ork necessary  to do th is  is 
discussed in  sections 5.4, 5.5 and  5.6.
5.2 Infrared interferom etric fringe  
analysis
The refractive index of a gaseous p lasm a consists of contributions from 
th e  heavy particles (molecules, atom s and  ions) and  the  free electrons, 
w hich m u st be sum m ed in  order to de term ine  the  to ta l refractiv ity . 
C onsidering  th e  heavy partic les in itia lly , th e  refractive  index, n, of 
these species is given by
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(n-l)s = Gs ps ...(5.1)
where p is the species density and G is the Gladstone-Dale coefficient. 
The subscript s refers to the species contributing to the refractive index. 
Thome (1974) give the refractive index of free electrons (in cgs units) as
(*-■*). = !e— s  A X  ,27UmoC
...(5.2)
where e is the electron charge; me is the electron mass; c is the speed of 
light; X is the wavelength of the radiation passing through the plasma 
and Ne is the electron number density.
Unlike the refractive index of heavy particles, that of the electrons is 
negative and thereby decreases the total index by an amount 
proportional to the electron population. The total index of refraction is 
obtained by summing the components given in equations 5.1 and 5.2. 
This is expressed as
(n-l) = l G sPs - - J — j  AX  , -(5 .3 ), 2mnecz
where ^  Gsps may be replaced by Gmpm + GApA+ Gjp; to give
s
2 2
(n "^)rotoZ = Gmpm + GAPA + GlPl - 6 ^  2 ' ...(5.4)Z7unec
Here the subscripts refer to molecules, atoms and ions. The Gladstone 
dale coefficient has a functional dependence on the wavelength.
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The atomic and molecular refractivity for the case where X^ «  X is 
given by Thome (1988) as
(n 2 Y ä N i f i j ^ 2ij2Km^c j
X 2- 
2 +  - ^  + ...(5.5)
where fjj is the oscillator strength; is the lower level population of the 
transition at X^; e is the electron charge; mA is the atom mass and c is 
the speed of light. One notes th a t the ratio of the refractivity of the 
electrons, to that of an atom or molecule may be approximated by
(n -  l)e N e X2 
(n - 1), N s X2/ 0 ...(5.6)
where Ns is now the species num ber density; X0 is its resonance 
transition and f0 is the oscillator strength for this transition4. The 
atomic and molecular constituents of an air plasm a have the ir 
resonant transitions in the ultraviolet. Therefore for infrared  
in terferom etric m easurem ents, the electron contribution to the 
refractive index will strongly dominate when the ionisation is only a 
few percent. Since the infrared interferom etric experiments were 
conducted a t conditions of very low pressure, heavy particle 
contributions to the refractive index were considered negligible, 
resulting in a fringe shift of less than 1/20 of a fringe. This was well 
below the resolution of the infrared interferom etric m easurem ent 
system.
4 For molecular species, fQ will be the effective oscillator strength for the electronic transition 
which takes into account all the rotational and vibrational structure.
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The in terference of ligh t passing  th rough  the  M ichelson in terferom eter 
is governed by the “fringe equation” (Huber, 1971):
ay + (r i- l)L ' - (n - l ) L  = pX  , ...(5.7)
w here (n -l)L  is the  optical p a th  leng th  of the  reference arm ; (n '-l)L ' is 
the  optical p a th  length  of the  te s t arm ; y is the  vertical fringe position a t 
the im age plane; p is the  fringe order num ber and a  is the  angle of the  
two beam s a t the  im age plane. A change in  the  refractive index An, for 
a given w avelength  X, re su lts  in  a change in  th e  fringe order a t the  
im age plane. F rom  equation  5.7, th is  change Ap in  the  fringe order 
num ber is given by
Ap = =- An . ...(5.8)
A
S ubstitu ting  in to  equation 5.8 the  value for the  increm ental change in 
the  expression for the  refractive index for low p ressu res  and in frared  
te s t beam s (from equation 5.2),
An e2X2
2?miec2
ANe ...(5.9)
one obtains the  fringe sh ift Ap in  term s of the  change in  the  electron 
num ber density  ANe given by equation 5.10
e2X L
2junec2
ANeAp ...(5.10)
Chapter 5 : Data reduction 133
Equation 5.10 is used to reduce fringe shifts to electron populations. It 
is noticed tha t the error in evaluating the electron population depends 
on the error to which the path length L could be determined (there was 
assumed to be negligible error in X). The laser was positioned as close 
as possible to the tube exit. The error due to uncertainties in the shock 
tube position were estimated to be 5%. This estimation, which depends 
on the properties of the Mach cone at the tube exit, was based upon the 
method discussed in section 4.2.4.
As the fringe field is described by a sinusoid, any fringe shift will be 
seen as a sinusoidally varying signal. Measuring the maximum and 
minimum values of a given fringe will yield Amax and Amin with the 
fringe shift at a given distance x behind the shock being given by
where p(o) is the fringe order directly in front of the shock just before it 
passes through the laser beam of the interferometer. The value of K is 
± 1 depending on the direction of the fringe shift.
In the present investigation, the fringes were not of constant amplitude 
during the entire test time. Due to absorption processes and beam 
displacem ent, (discussed in  the next chapter), the  in fra red  
interferometric results were often a convolution between fringe shifts 
and absorption (the severity of this convolution was dependent on the 
shock velocity). Such a resu lt was dealt with by determ ining the 
maximum and minimum value, (Amax and Amin), for each half fringe 
and calculating the phase between these points. For conditions where
Ap(x) = K — sin
2 k
— in 1 M -  . p (Q) ...(5.11)
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there was a constant fringe amplitude, the same technique was applied 
but now the Amax and Amin were constant for all fringes. In all the 
experiments, the spatial resolution was sufficiently good to allow an 
accurate determination of the fringe turning points. Fractional fringe 
shifts were reduced by com paring then  to S tark  broadened 
m easurem ents made a t the same experim ental conditions th a t 
resulted in the fractional shifts. The major source of error for the 
interferometric system was the determination of the optical path length 
L, which could change due to the presence of the Mach cone discussed 
in chapter four.
5.3 Stark broadened Hß profile analysis
Theoretical S tark  broadened Hß lines were calculated using the 
broadening param eters of Griem (1964). These param eters were for 
electron populations of 1015 and 1016 cm*3. A part from small 
corrections, the variation in the line widths of the Hß line are 
essentially linear (over the range of electron populations considered) 
with respect to the electron number density (see figure 5.1 reproduced 
from Wiese, 1965). Hence, for electron populations lying between those 
for which specific param eters were available, linear interpolation was 
used to determine the theoretical linewidths. The theoretical line 
profiles were convoluted with an appropriate instrum ent function 
before comparisons were made with experimental results. As the 
profiles were very broad (20 to 70 nm in the present experiments) and 
the spectrographs slit width was very narrow (50 pm), the instrum ent 
function was essentially a 5-function. Indeed, when convoluted with 
th is function, the FWHM of the theoretical profiles rem ained 
unchanged and the only noticeable change was a small drop (of order
FULL HALF-WIDTH (Ä)
Figure 5,1
Calculated FWHM o f the Balmer H-beta transition as a function 
o f electron density for the temperature range from 5,000 to 40,000 
K. The figure is reproduced from Wiese (1965).
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5%) in  the  am plitude of the profiles. The experim en tal re su lts  were 
norm alized  to the  theore tical profiles. The source of e rro r for these  
m easu rem en ts  w as m ain ly  due to th e  lack  of know ledge abou t the  
tem poral h isto ry  of the  line w id ths in  the  shock tube  env ironm ent. 
H ad, for instance, the  line centre been populated more rapid ly  th a n  the  
wings, the  OMA would have seen a convolution betw een a b road  fla t 
L oren tzian  and  a sharp  narrow  L oren tzian  re su ltin g  in  an  erroneous 
FW HM  m easu rem en t. T his prob lem  (and  its  so lu tion) h a s  been  
discussed in  deta il in  chap ter four. The line evolution w as m easu red  
and  show n to be constan t, for several de tun ings across th e  line , to 
w ithin about 5% for the  duration  of the  te s t tim e.
5.4 Em ission from m olecular nitrogen
5.4.1 Introduction
Due to the close spectral proxim ity of the  ro tational tran sitions w ith in  a 
g iven v ib ra tio n a l b an d , to g e th e r  w ith  th e  la rg e  n u m b er of such  
tra n s it io n s , e rro rs  could have  been  in tro d u ced  by in a d v e r te n tly  
m onitoring ro tational lines other th a n  those of in te rest. G reat care was 
taken  to ensure th a t  the ro-vibrational transitions of in te res t were being 
o b se rv ed . U s in g  ta b le s  o f a to m ic  t r a n s i t io n  p ro b a b il i t ie s  
(Wiese, 1969 & 1980), tran s itio n s  in Ar, Ne and  H g discharge lam ps 
together w ith  tran sitio n s in  Ca, Cs, Cd, Ba U r and  Fe hollow cathode 
lam ps were cross-referenced to calibrate the  field of view of the  OMA a t 
and  around  the  (0,0) and  (0,1) band  heads of N 2+. T his ca lib ra tion  
allowed the spectrom eter to be placed a t a given point in  the spectrum  to 
w ithin  0.03 nm  of a ro tational transition . The average separation  of the 
ro ta tional tran sitio n s w as predicted (and shown to be) of the  order of
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0.1 nm .
The ro tational tem pera tu re  was to be obtained by observing the  relative 
in te n s ity  of two ro ta tio n a l tra n s it io n s . The red u c tio n  of such a 
m easu rem en t to a tem p era tu re  is d iscussed a t  a la te r  stage. In  order 
to o b ta in  th e  co rrect w av e len g th  s e ttin g  of th e  sp ec tro g rap h , a 
b ro ad b an d  em ission  sp ec tru m  w as o b ta in ed  a ro u n d  th e  sp ec tra l 
position  of in te re s t  before proceeding w ith  the  tem porally  resolved 
m easu rem en ts . The m olecular spectroscopic considerations requ ired  
to analyse such a spectrum  will now be detailed.
5.4.2 Molecular spectroscopy
Two additional modes of m otion th a t  a diatom ic molecule can undergo, 
re su lt in  a spectrum  th a t  is vastly  m ore complex th a n  th e  atom ic 
c o u n te rp a r t . F irs t ly , th e  m olecu le  can  ro ta te  ab o u t an  axis 
perpend icu lar to the  in te 'm uclear axis and  secondly, the  m olecule can 
v ibrate  along its  in te rn u c lea r axis. Q uan tum  theory m ay be applied to 
m olecular system s undergoing  the  complex m otion of v ib ra tio n  and 
ro ta tion , and  a theore tical spectrum  based  on th is  analysis, m ay be 
derived. I f  the  tem poral evolution of ind iv idual ro ta tional-v ib ra tional 
tra n s itio n s  is to be stud ied , a p recise know ledge of th e  m olecular 
spectrum  is essential.
The to tal energy of a molecule is, to a very good approxim ation, the  sum  
of th ree  p a rts , E = E e + Ev + E r w here the  subscripts e, v and r  refer to 
e lec tro n ic , v ib ra tio n  a n d  ro ta t io n  re sp e c tiv e ly . In  te rm s  of 
w avenum ber un its  ( th a t is, te rm  values), th is  is u sually  expressed by, 
T = Te + G + F, w here T=E/hc; Te is the  electronic excitation term ; G is
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the vibrational term  and F is the ro tational term .
A g enera l equation  d e ta ilin g  th e  ro-vibronic tra n s it io n  frequencies 
w ith in  a given electronic tra n s itio n  is derived by H erzberg  (1950). 
W ritte n  in  w avenum ber u n its , th e  em ission  or a b so rp tio n  lines  
associated  w ith  tran s itio n s  betw een two electronic s ta te s  is given by 
H erzberg as
v = (Te - T J  + (G - G )  + ( F -  F") ...(5.12)
w here ve = (Te' - Te") is a constan t for a given electronic tra n s itio n 5. 
The vibrational term s in  equation 5.12 are given by
G (v) = coe(v + ^ )  - cOtpc/v + 1-)2 + coje(v + l - )3 + .............(5.13)
z z z
v=0,l,2...
w here hccoe is the  v ibrational frequency th a t  an  anharm onic  oscillator 
w ould have  c lass ica lly  for a n  in fin ite s im a l am p litu d e ; v is  th e  
v ib ra tio n a l q u a n tu m  n u m b er a n d  coex e gives a m easu re  of the  
anh arm o n ic ity  of the  oscillator. The values of coe, coex e and  coey e 
determ ine  also the  shape  of the  electronic p o ten tia l well and  m u st 
therefore be different for different electronic sta tes. The ro tational term  
in  equation 5.12 given by
F ( J )  = BVJ ( J  + 1) - DvJ 2( J  + 1)2 + .....  , ...(5.15)
w here J  is the  ro ta tio n a l q u an tu m  num ber and  Bv is the  ro ta tiona l
5 The single-primed letters refer to the upper state and the double-primed letters refer to the 
lower state. This is the standard nomenclature of molecular spectroscopy.
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constant. Dv is the centrifugal d istortion  constan t th a t  is a function of 
th e  v ib ra tio n a l frequency co. I t  is extrem ely sm all com pared to the  
ro tational constant. The values of Bv and Dv depend on the  v ibrational 
energy of the  m olecule and  a re  re la te d  to the  v ib ra tio n a l q u a n tu m  
num ber as follows:
Bv = Be- a e(v + 1/2)+ ...
an d
Dv = De-  ße(v + 1/2)+ ... ,
w here Be, a e, De and ße are constan ts which depend on the  electronic 
sta te  of the  molecule.
N eglecting for the  m om ent the  ro ta tional contributions, all v ib rational 
tran s itio n s  betw een two given electronic s ta te s  are  therefore  given by 
equations 5.12 and 5.13 as
v0 = ve+ vy = ve + G - G
, . 1 . . > 1 o ' ' ' 1 3
v e +  coe ( v + - )  -  ( O ^ C e  ( v + - )  +COJe ( v + - )  +
. ..(5.18)
There is no stric t selection rule  for the  v ibrational quan tum  num ber v. 
H ence th e re  ex ist a m u ltitu d e  of v ib ra tio n a l tra n s itio n s  given by 
equation 5.18. Associated w ith each vibrational tran sition  is of course a 
r o ta t io n a l  s e r ie s . D e fin in g  v Q as th e  b a n d  o rig in , th e  
ro ta tio n a l—vib ra tiona l wave num bers for em ission or absorp tion  are
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given by
v = ve+ v„+ vr = v0 + ( F  + F  )
= v0 + [B uj ' ( j ' +  1) - D„J'2( J ’+ 1)2 + ....]
J"+ 1) ■ d I j "2(J"+  1)2 + ....] . ...(5.19)
E lectrons in troduce ano ther effect th a t  m ust be corrected for. As there  
are  electrons about each nuclei in  the  molecule, the  m om ent of in e rtia  
about the  in tem u c lea r axis is not exactly zero. This fact has a bearing  
on the  selection ru le  for the  ro tational quan tum  num ber J .
For m ost stab le  diatom ic m olecules in  ground electronic s ta te s , th e  
com ponent of th e  a n g u la r  m om en tum  of th e  e lectrons along  th e  
in te rn u c lear axis, A, is zero. For tran sitions involving electronic s ta te s  
w ith  A equal to zero, th e  selection ru le  is AJ = ± 1. For a tran s itio n  
involving an  electronic s ta te  for which A is non-zero, the  selection ru le  
is AJ = 0, ± 1 w ith  the  restric tion  J=0 -/» J=0. The A J  = ± 1 tra n s itio n s  
are associated w ith  the  so called P and R branches, while the  A J  = 0 are 
assoc ia ted  w ith  th e  Q b ran ch  tra n s itio n s . T hese a re  derived  by 
H erzberg as
P Branch : v =  v0 + F ( J - l ) -  F  ( J )  = P ( J \ AJ  = - l
Q Branch : v = v0 + F  ( J )  -  F "(J )  = Q(J), AJ =  0
R  Branch : v = v0 +  F  ( J  + 1)- F"( J )  =  R(J), =  , ...(5.20)
w here AJ =
z•"5i
's
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In the case where the electron spin is not important, the molecule can 
be treated as a symmetric top (Herzberg, 1950). In such a case, the 
rotational term must be corrected by an amount (A - BV)A2, to account 
for the effects of the electrons, where A is a quantum number 
associated with the angular momentum component A. That is,
F(J)  = BVJ ( J  + l)  + (A - BV)A2- DvJ 2( J 2 + 1) + .(5.21)
w ith, A = 0, 1, 2....; J  = A, A+l, A+2, .......  (Different values of A
correspond to different electronic states.) Hence, the rotational levels 
are now shifted by (A - BV)A2 which is a constant for a given vibrational 
level in a given electronic state. Bv (=Be-oce(v+l/2) + ...) and A are 
related to the moments of inertia of the molecule as follows:
and
A _h__
8k2cIa
...(5.22)
...(5.23)
where Ig is the moment of inertia of the molecule about an axis 
perpendicular to the internuclear axis and 1  ^is the moment of inertia 
of the electrons about the internuclear axis. The molecular constants 
used to determine the spectral positions of the P, Q and R branches via 
equations 5.20 and 5.21 are given in table 5.1.
The aforementioned selection rules are correct for the case when the 
spin of all the electrons sum to zero. In those cases where the total spin 
S of the electrons is non-zero, coupling between this spin and the
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various an g u la r m om enta vectors need to be considered. H und  (see 
H erzberg, 1950) m ade th e  d istinc tion  betw een four d ifferen t types of 
coupling. These cases a re  labelled (a), (b), (c) and  (d) and  are  detailed 
below.
Considering the  orbital angu la r m om entum  vector L  and  its  projection 
A along the  in tem u clea r axis as well as the  spin  vector of the  electrons 
S and  its  projection E, H und’s case (a) coupling is show n in  figure 
5.2(a). The molecule will n u ta te  about the  direction of the to ta l angu lar 
m o m e n tu m  J .  In v o k in g  th e  q u a n tu m  m ech an ica l ru le s  for 
quan tiza tion  of an g u la r m om entum , we have th a t  the  m agn itude  of J  
m ust be given by + 1) while its  com ponent along the  in te rnuc lear
axis m ust be equal to TiQ. where Q. = 0, 1,2,....; and
t /  =  £2+ 1, £2+2 , .......
For H und’s case (a) i t  is assum ed th a t  the  electronic m otion is coupled 
very strongly  to the  line jo in ing  the  nuclei. T h a t is, the  to ta l orbital 
angu lar m om entum  vector L  and the  to ta l spin vector S of the  electron 
precess very rapidly  about the in te rn u c lear axis. The com ponents of L 
and S along the  in te rn u c lea r axis, A and E , sum  together to give Q. 
The coupling in  H und’s case (a) is th u s en tirely  sim ilar to th a t  for the 
sym m etric top previously discussed except th a t  we now have Q in  place 
of A.
For H u n d ’s coupling case (b), the  o rb iting  electrons now genera te  a 
relatively  w eak m agnetic field, and  as a resu lt, the  spin vector of the 
e lec trons, S , is no longer coupled to the  in te rn u c le a r  axis. As a 
consequence, E (and therefore Q) is not defined. This case is illu stra ted
Vector diagram for Hund’s case (a)
Vector diagram for Hund’s case (b)
Figure 5.2(a) and (b)
Vector diagram for Hund's coupling cases (a) and (b).
Vectors L : total orbital angular momentum
A : projection o fL  along the internuclear axis 
S  : spin vector of the electrons 
L : projection of S  along the internuclear axis 
Q : resultant electronic orbital angular momentum  
about the internuclear axis 
N : angular momentum of nuclear rotation
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in figure 5.2(b). The orbital angular momentum vector L precesses 
rapidly around the internuclear axis with component A which is also 
the component along the molecular axis of K, the total angular 
momentum apart from spin. K is also the vector sum of A and N where 
N is the angular momentum of nuclear rotation. The angular 
m om entum  K is quantized such th a t its magnitude is given by 
h^lK(K +1) and the magnitude of its component A is given by ÄA where 
A = 0, 1, 2 ,....; and
K  = A, A+2, A +2,.............
The angular momentum vectors K and S form the resultant J, the total 
angular momentum including spin. The possible values of J  for a 
given K are, according to the quantum  mechanic rules for vector 
addition, given by
J  = (K+S), (K+S-l), (K+S-2), ...., \K-S I .
Hund’s coupling cases (c) and (d) are not as common as the cases (a) 
and (b). Case (c) tends to occur in the excited states of the heavy 
molecules. It is similar to the LS-type coupling tha t occurs in atomic 
systems in a weak electric field where the total angular momentum 
vector L combines with the total spin angular momentum vector S to 
produce a resultant vector J, which is then coupled to the internuclear 
axis with a component Q. Case (c) type coupling only occurs when the 
magnetic field is sufficiently weak. In the case of a strong magnetic 
field, L and S are uncoupled through the PaSchen-Bach effect.
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U nlike H und’s cases (a) and (b) in  which the  in te rn u c lear electric field 
was alw ays strong enough to couple L  to the  m olecular axis, in  H und’s 
case (d) th is  is no t th e  case and  L is coupled to N , th e  a n g u la r  
m om entum  of nuclear ro tation  which is separa te ly  quantized.
As previously  m entioned , H u n d ’s coupling cases (a) and  (b) are  th e  
m ost common forms and  the  selection ru les born from these  two cases 
are necessary  in  order to und ers tan d  and  label the  m olecular spectrum  
obtained in  the  experim ent. In  lig h t of the  discussion on the  various 
coupling cases, i t  is necessary to sta te  those selection ru les which apply 
generally , as well as those which apply only for the  specific coupling 
cases. In  general, the  selection ru le  for the  quan tum  num ber J  of the  
to ta l an g u la r m om entum  is
A J = 0, ± 1, w ith the restriction J - 0  J=0 not allowed.
Furtherm ore  positive term s combine only w ith negative and  vice versa: 
+ < - > - ;  + 4/» + ; -
For hom onuclear diatom ic m olecules, sym m etric te rm s combine only 
w ith  sym m etric and an tisym m etric  only w ith  antisym m etric:
s 4 - » s ; a 4 - » a ; s 4 / > a .
Finally, in  the case of a  diatom ic molecule w ith  nuclei of equal charge, 
we have the  selection ru le  th a t  even electronic sta te s  combine only w ith 
odd:
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g < r * U \ g « > g \ U < + > U .
F or H u n d ’s coupling  cases (a) an d  (b) th e  e lectron ic  s ta te s  a re
designated  w ith  the  nom encla tu re  E, IT, A ,....  in  accordance w ith  the
value of A (E corresponds to A=0, n  to A=l, A to A=2 etc) . The selection 
ru le  is th en
AA = 0 , ± 1
w hich thereby  allows tran s itio n s such as E-E, E-Tl, n - n  an d  H -A  b u t 
forbids tran s itio n s  such as E-A, E-O, Fl-O etc. The selection ru le  for 
H und’s case (b) for the  quan tum  num ber K, is
AK  = 0, ± 1  w ith AK  = 0 forbidden for I - I  transitions.
In  H und’s case (a), the quan tum  num ber E of the  component of the spin 
on the in tem u clea r axis m ust not a lte r  during  an  electronic transition :
A 1 = 0 .
F u rth e rm o re  the  q u an tu m  num ber Q of the  to ta l electronic an g u la r 
m om entum  about the in tem u clea r axis can only change by 0 or ± 1:
A n = o,±i.
If Q=0 for both electronic sta tes, only transitions w ith AJ=±1 occur:
AJ  = 0 is forbidden for Q = 0 —> Q  = 0 .
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The N 2+ molecule was specifically stud ied  in  the  p resen t work because 
i ts  em issiv ity  w as stro n g est a t  th e  ex p erim en ta l conditions. The 
em ission from the (0,0) and (0,1) band heads of N 2+ was observed. This 
is the  electronic tran sition  B2! ^  —» X2Zg+ w ith v0 a t  25,566.04 cm-1. The 
N 2+ molecule has therefore a 2L -» 2E tran s itio n  which adheres stric tly  
to H und’s case (b) coupling w here the  previous selection ru le  AK =± 1 
applies. This molecule, w ith  m ultip licity  two (S=l/2), has two sublevels 
J  = K +l/2 and  J  = K -l/2 for a given K. Hence, the  band  struc tu re  for th is 
case is essentially  the  sam e as for a - » 1Z tran sitio n  (H und’s case (a)) 
w ith  qu an tu m  num ber K in s tead  of J . Since A=0 for the  upper and  
low er electronic sta tes, there  exists a P and  R b ranch  b u t there  is an  
absence of a Q b ranch6. Each line of the  P  and R b ranch  will however 
be sp lit in to  th ree  com ponents according to the  ru le  AJ = 0, ± 1. In  
general, the  spectral separa tion  of these  sublevels is sm all com pared 
w ith  the  sep ara tio n  of th e  ro ta tio n a l tran s itio n s  them selves. T his 
proved to be th e  case in  th e  p re se n t experim en t. Since N 2+ is a 
hom onuclear m olecule, th e re  will be an  a lte rn a tio n  in  in te n s ity  for 
a lte rn a tiv e  values of K due to the  effect of n u c lear spin. Since the  
n u c lea r sp in  of 14N is 1, the  strong  lines have twice th e  s ta tis tic a l 
w eight of the  weak lines.
5.4.3 The thermal distribution of the rotational levels
T he M axw ellian -B oltzm ann  d is tr ib u tio n  law  gives th e  n u m b er of 
m olecules dN e th a t  have a classical v ib rational energy betw een E and 
E+dE as being proportional to e*E/kT dE, w here k is the  B oltzm ann 's 
constan t and  T is the  tem pera tu re . Of course quan tum  m echanically, 
only discrete values of the  vibrational energy are allowed and E m ust be
6 P, Q and R refer here to AK = -1, 0 and+1.
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replaced by equation 5.13, whence the number of molecules in each 
vibrational state becomes proportional to
e-E/kT _  e -G(v)hclkT ...(5.24)
The thermal distribution of rotational levels however is not simply 
proportional to some Boltzmann factor because each rotational level 
with total angular momentum J  has associated with it a (2J+l)-fold 
degeneracy. The number of molecules Nj in a rotational level J  of a 
particular vibrational state is therefore proportional to,
(2J + l ) e F(J)hclkT ...(5.25)
where F(J), (given by equation 5.15), represent the rotational terms for 
the non-rigid rotator. Equation 5.25 is shown graphically for N2+ at 
T=22,000 K (the rotational temperature predicted by the TTV model at 
the peak emission point) in figure 5.3. The maximum in the graph 
occurs at Jmax given by Herzberg (1950) as
kT 1_ 
2Bhc 2
1_
2
...(5.26)
To obtain the absolute number of molecules N jin  a given rotational 
level, it is necessary to consider that the total number of molecules N in 
vibrational state v, is proportional to the sum of the Boltzmann factors 
over all rotational levels in the same vibrational level, that is, the 
partition function
Qr = 1 + 3e"2BhclkT+ 5e~6Bhc,kT + ... . ...(5.27)
75 100 125 150 175 200
Rotational quantum number J
Figure 5.3 The thermal distribution of the rotational levels for the 
N2+molecule at a temperature of T= 22,000 K. This is the predicted 
rotational temperature from the two temperature model at the peak 
emission point behind a shock travelling into p -  13Pa at v=10kms'1. 
The two arrows indicate the relative positions on this intensity 
distribution of the two rotational transitions at which the time 
resolved emission experiment was conducted, that is, the P(21) and 
R(42) rotational transitions of the (0,0) vibrational band ofN2+.
The curve represents the function (2J +  l)Exp{-BJ(J+l)hc/ kT] as a 
function of J
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Given large T or small B, the sum in equation 5.27 may be w ritten as an 
integral
Qr -  \ ( J  + l ) e - hcBJ<J+l)lkT d J  
0
kT  
hcB ’
...(5.28)
and Herzberg derives
N j =  g  = (2 J  + l ) e - BJ(J+1)MkT
n r
NBhc
kT
( 2 J  + 1) g~B<J(J+l)hclkT
...(5.29)
for the population of molecules with rotational quantum  number J. 
From these results it is understood that the intensity distribution of the 
rotational transitions in a given vibrational band should be given 
simply by the thermal distribution of those rotational levels. That is, 
the intensity  of a rotational transition  should be proportional to 
equation 5.25. This assumes however that the transition probabilities 
are the same for all rotational transitions in a given vibrational band. 
There is however a slight dependence on J  and AJ.
The intensities of the ro-vibronic transitions may be expressed in terms 
of a product of the line strength Sj and the Boltzmann factor given for 
absorption as
Iobs = ^ s l S je x  p 
hfr
B"J"(J"+l)hc ...(5.30)
and emission as
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Q r
Sjexp B'J\J'+l)hc ...(5.31)
where the Sj are given by the well known Honl-London formulae and 
Cabs and Cem are constants depending on the change of dipole moment 
and the number of molecules in the initial vibrational level. Cabsv/Qr 
and Cemv4/Qr are almost constant for the ro-vibrational transitions in 
the same vibrational band and a given temperature. In the case of the 
N2+ molecule, considered in the experiment, A=0 since the transition is 
from one £ to another £ state. For this case if
AJ=+1 then S j = J  + 1
and
AJ=-1 then S j = J  .
(Note J = J  + AJ in  accordance w ith the stan d ard  convention, 
regardless of w hether the transition  is observed in emission or 
absorption.)
Given equation 5.31, the rotational tem perature may be reduced by 
comparing the relative intensity of two rotational transitions in the 
same vibrational band via the equation
B h c  + - J 2 ^
k
In[VLV+ ln [/*!lh\
...(5.32)
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The u n c e rta in ty  in  th e  value of T, 8T, as a function  of th e  e rro rs 
associated w ith  the  m easu rem en t of I x (81^ and  I2 (8I2) is obtained in 
the  usual way (Taylor, 1982) to give
The th ree  atom ic tran sitio n s discussed in  chap ter four were im aged by 
the  OMA, the  re su lts  of w hich were downloaded to a m icrocom puter. 
The line profiles w ere in te g ra te d  over w avelength  to ob ta in  a to ta l 
em issive power. The reso lu tion  of the  experim en tal system  w as not 
sufficient to completely separa te  two of these tran sitions in  w avelength, 
and  as such the  lines overlapped slightly. A ssum ing th a t  the  overlap 
was a constan t for all th e  experim ental conditions, th e re  would have 
been no e rro r in  ignoring  i t  and  hav ing  a s itu a tio n  in  w hich all the  
resu lts  had  an  effective em issive power offset by an  am oun t equal to 
th is  overlap , th a t  could have  been  fac to red  out. H ow ever th is  
assum ption  w as no t m ade. As the  shock velocities and  p ressu re s  
varied substantially , from 6 to 11 km s-1 and 13 to 1333 P a  respectively, 
the  effects of changing tem p era tu res  and pressures on the line profiles 
of these tran sitions h ad  to be considered. Because of th is, the  overlap 
was accounted for by ex trap o la tin g  the  line  profiles in to  th e  region 
where the  lines encroached upon each o ther and  the overlap sub tracted  
during  the  in teg ra tion . The ex trapo la tion  w as m ade by ind iv idually  
fitting  a L orentzian to each line profile in  the em ission spectrum .
...(5.33)
5.5 Atomic and ionic oxygen em ission  
analysis
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5.5.1 Atomic transitions as temperature indicators
O ne of th e  eas ie s t an d  m ost d irec t techn iques for d e te rm in in g  the  
te m p era tu re  of a p lasm a utilizes the  spectra l line in ten sitie s  em itted  
from  atom s w hen the s ta te  densities of these  species are  in  equilibrium . 
The em ission from an  atom ic s ta te  in  an  optically th in  lay er of shock 
h ea ted  gas is read ily  obtained. The in ten sity  of spontaneous em ission 
em itted  per u n it solid angle from a u n it volume is given by
Km = A nmN n h v nm , ...(5.34)
w here N n is the upper s ta te  population, Anm is the  E inste in  A coefficient 
and  vnm is the line centre frequency of the  tran sition  from sta te  n  to m.
For optically th in  conditions, the  B oltzm ann d istribu tion  m ay be used to 
express the  em ission in tensity  as a function of the  tem pera tu re
K m  = j^ f^f e^xpl-EJkT], ...(5.35)
w here gn is the degeneracy of the  s ta te  n; N is the  to ta l population and 
Q(T) is the  partition  function.
E quation  5.35 indicates a technique w hereby the  tem p era tu re  m ay be 
determ ined . I f  two sep ara te  tran s itio n s  a re  chosen w ith  a  common 
lower sta te , then  it  is possible to reduce the  tem pera tu re  via
k T ___________________________ & 2  "  ^1 ___________________________
ln ( I i ! I2) '  M A i  Vi / A 2 v2)
...(5.36)
w here th e  subscrip ts 1 and  2 a re  u sed  to denote th e  two sep ara te
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transitions.
This technique is very sensitive to the transition energies. For this 
method to yield an accurate measure of the temperature, E2-E1 should 
be large compared w ith kT. U nfortunately for high tem perature 
plasmas, this is not usually the case. To overcome this deficiency, it is 
often desirable to observe transitions from different stages of ionisation, 
thereby forcing a large energy difference equal to E2-E 1 plus the 
ionisation potential. Consider figure 5.4. Under the condition of 
thermodynamic equilibrium, the number density of neutral atoms in a 
state j is related to the number density of ions in a different state k by 
combining the Saha and Boltzmann equations and is given by Thorne 
(1988) as
W o ,  _ 2C2mnkT f^_glk [ - / - £ ,  + £  1
NaJ ~ h? ga] Y kT J ...(5.37)
Thorne subsequently gives the relative intensity of excited levels of 
different stages of ionisation in an optically thin plasma as
hk = Ak jik  Yik 2(2m nkT 1
I aj ^ a j'Sa j ^ajk
exp -I -E b + Ea ...(5.38)
where ^  k is the transition intensity of the kth level of an ion and IaJ- is 
the transition intensity of the j th level of an atom.
It should be emphasized that the application of equation 5.38 to derive a 
tem perature in the present work would be, strictly speaking, incorrect, 
since the derivation of this equation has assumed that there exists one
1 + Eb* Ea
N a, 1
I
atom
Figure 5.4 The level scheme for an atom and ion of a given 
atomic species N  is the number density, E is the energy and I is 
the ionization potential. Subscripts a and i refer to atom and ion 
respectively.
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temperature T characterizing the plasma. This is of course not the 
case, for in the present experiments, there are two temperatures 
characterizing the flow. Because of this, equation 5.38 needs to be 
corrected for the special case in which the plasma is in a state of 
chemical, but not thermal equilibrium. Igra and Barcessat (1979) 
present such an expression for the Saha equation when there exist two 
temperatures characterizing the plasma. The expression derived for 
this “modified” Saha equation is given as
f  a E 1
t/ t
r  ■ _  P i
f  r p  ^
■*-e
3/2
" - i "
7 rt y i - a E ) " P 1
I
*-
H
 
|
. k T e .
...(5.39)
with the characteristic plasma density pi being expressed as
Pi 2
gj ( 2 n k 9 i f 2 3/2 
g a h 3 * m ° ’
...(5.40)
where ccg is the ionisation fraction at equilibrium; p is the density; and 
0j is the ionisation temperature (0i=I/k).
Equation 5.38 is now re-derived with the appropriate correction for the 
case where chemical but not thermal equilibrium prevails. This 
equation is given by
A j k  Vjk 
Aaj Vaj
\ 2 g i k ( 2 j i m k T e) 3/2 1 '■I +  E i - E j ]
1 g aj h 3 k T e Jj
...(5.41)
It is observed that, when T=Te, this equation reduces to equation 5.38.
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The theo re tica l va lues of the  tra n s la tio n a l-ro ta tio n a l te m p era tu re  T 
and the  electron-vibrational tem pera tu re  Tv predicted by the  TTV model 
were used to ob tain  a theo re tical p lo t of the  ionic to atom ic oxygen 
in te n s ity  ra tio  to w hich the  experim en ta l d a ta  could be com pared. 
There were two m ethods in  which th e  OMA d a ta  w as reduced and  the 
in ten sity  ra tio  obtained. E ith e r the  to ta l in te g ra te d  a re a  u n d e r the  
en tire  OMA spectrum  was obtained for bo th  the  0  and  0 + resu lts  and 
these  a reas  com pared, or a profile w as fitted  to each line  an d  the  
in teg ra ted  a reas u n d er these  ind iv idual curves w as com pared. Both 
techniques resu lted  in  an  in tensity  ra tio  w ith in  7% of each other.
One fea tu re  of th is  technique, h igh ligh ted  in  the  analysis, is th a t  an 
accurate m easure  of the  electron population is requ ired  if  the  in ten sity  
ratio  is to be calculated. This ties in  neatly  w ith the electron population 
m easu rem en ts  m ade w ith  th e  in fra re d  in te rfe ro m e try  an d  S ta rk  
b ro ad en in g  e x p erim en ts  w hich  h a s  show n th a t  th e  TTV m odel 
accurately predicts these  populations.
5.6 Infrared CW diode laser absorption by  
atom ic oxygen
Quite clearly, the resu lts  p resented  by P a rk  for predictions m ade by the 
T T V m odel do no t include a p red ic ted  ab so rp tio n  profile  for the  
p a r tic u la r  la se r, tra n s itio n  and  d e tu n in g  em ployed in  the  p re se n t 
experim ent. Because of th is, the predictions of the  TTV model, nam ely 
the tem p era tu res , electron population  and  m olar fractions of atom ic 
oxygen, had  to be converted and p resen ted  in  the  form of an  absorption 
profile given the  experim ental p a ram ete rs . The following discussion 
details the necessary  theory required  for th is  process. (The conversion
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from species molar fractions to absolute number densities is detailed in 
appendix E.)
Incident radiation of intensity I0 will, upon passing through a plasma, 
be absorbed by an amount
I  = I0 e KL , ...(5.42)
where is the frequency dependent absorption coefficient and L is the 
thickness of the absorbing plasma. If the incident radiation field is 
chosen with a sufficiently narrow bandwidth, only discrete atomic 
transitions will absorb the photons in the incident field. By spatially 
and temporally resolving the absorption of the light passing through 
the plasma, it is possible to determine the population of the discrete 
level. Traving (1968) gives
m0c
f ijN i P(Av) 1 - gjNj
Sj Ni
...(5.43)
for the atomic absorption coefficient of a spectral line in a gas, where f^ - 
is the oscillator strength of the transition i —> j; gm is the degeneracy of 
level m; Nm is the population of level m and P(Av) details the line profile 
and magnitude of the absorbing transition as a function of detuning 
from line centre. The term  in square brackets in equation 5.43, is a 
correction term that accounts for the induced emission produced by the 
laser passing through the plasma. The rate of stimulation of the upper 
level depends on the relative populations of the upper and lower states.
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P(Av) describes a lineshape of finite  w idth  th a t  is influenced by three 
m ajor b roadening  processes:
1) N a tu ra l broadening,
2) Doppler broadening, and
3) P ressu re  broadening.
Natural broadening:
N a tu ra l line  b ro ad en in g  re s u lts  as a  d irec t consequence of th e  
u n certa in ty  principle. In  the  form AEAt ~ /i, H eisenberg ’s principle 
requires a spread in  energy inversely proportional to the  uncerta in ty  in 
tim e associated w ith  finding an  atom  in  a given sta te . A full quan tum  
m echanical trea tm e n t gives the FW HM (5v) due to n a tu ra l broadening 
as (Thorne, 1988)
8vn  = 1 1-------- + ---------
2 kt1 2 k  x2
...(5.44)
w here and x2 rep resen t fin ite lifetim es of levels 1 and  2. All atomic 
tran s itio n s  are  affected by n a tu ra l  b roaden ing  by a m agn itude  of 
approxim ately  10'5 nm . This w idth  is insign ifican t com pared to other 
broadening processes in  the environm ent of the p resen t investigation.
Doppler broadening:
U nlike  n a tu ra l  b ro ad en in g , D oppler b ro ad en in g  does co n trib u te  
sign ifican tly  to th e  line  shape  of sp ec tra l t ra n s it io n s . D oppler 
broadening resu lts  from the shift in  the  w avelength of moving sources. 
In  th e  shock tube  environm ent, these  sh ifts a rise  from  the  therm al 
m otion of em itting atom s or molecules. I f  the m otion of the  particles in
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the  p lasm a are  purely  th e rm al (and the  p lasm a is optically  th in ), a 
M axw ellian velocity d istribu tion  is obtained for th e  em itte rs  and  the  
absorption profile has a G aussian  shape described by
w here T is the  tran s la tio n a l tem p era tu re ; MA is the  atom ic m ass and 
v0 is the  line cen tre  frequency. The D oppler b roaden ing  process is 
therefore functionally dependent on the  tran sla tio n a l tem pera tu re .
Pressure broadening:
N a tu ra l an d  D oppler b ro aden ing  are  th e  d o m in an t p rocesses th a t  
define lineshapes a t low densities. As the  densities increase however, 
collisional effects betw een  ions and  electrons begin to influence the  
in te rac tion  of the  electrom agnetic rad ia tio n  and  the  p lasm a partic les. 
This so called P ressu re  broadening process m ay dom inate the  observed 
spectral lineshape. The strongest in te rac tions will occur betw een the 
em ittin g  p a rtic le s  an d  th e  ions and  e lectrons th a t  c o n s titu te  the  
p lasm a. As there  is an  in te rac tio n  betw een the  electric fields of the  
particles, th is broadening  process is known as S ta rk  broadening. The 
long range Coulombic forces dom inate w hen the  degree of ionisation  is 
significant, a t least 1% of the  to ta l partic le  density , and  so the  S ta rk  
b roaden ing  will dom inate  a t  h igh  degrees of ion isa tion . A no ther
...(5.45)
w here AvD is the  Doppler w idth  given by
...(5.46)
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broadening process occurs betw een the  in terac tions of n eu tra l particles 
of the  same type if one of the  levels in  the  em itted  or absorbed line has a 
tra n s itio n  to the  ground s ta te , th e  so called resonance broadening . 
W hen considering  abso rp tion  or em ission betw een  two levels in  an 
excited  s ta te , resonance  b ro ad en in g  will s till occur i f  one of the  
tra n s itio n s  is connected to th e  g round  s ta te . In te rac tio n s  betw een 
d iss im ila r a tom s gives rise  to V an  d er W aals b ro ad en in g . The 
in te ra c tio n s  in  th is  in s ta n c e  ta k e  place be tw een  th e  in te ra to m ic  
po ten tia ls. In  the  experim ent, the  only broadening  processes a re  the 
Doppler and  S ta rk  processes. The atom ic oxygen tran s itio n  stud ied  in 
the  absorp tion  experim ent, is d irectly  connected to the  ground s ta te , 
and , as such, resonance  b ro ad en in g  should  be considered . The 
resonance broadening process is proportional to the  oscillator s tren g th  
of th is  p a rticu la r resonan t tran sition . I t  tran sp ire s  th a t  the  oscillator 
s treng th  of th is resonan t tran s itio n  is exceedingly sm all (fR = 3.6 x 10' ) 
and  as such th is  broadening  m echanism  w as su b s tan tia lly  dom inated 
by the  aforem entioned processes.
T raving (1968) derives the  L orentzian profile
to describe th e  p ressu re  broadened  dispersion profile w here Av is the 
detuning  from line centre and y is the  FWHM of the profile.
PL( Av) = _i_______ 7
2 k ( Av)2 + y2/4
...(5.47)
The half-w idth  AX1/2 and  the  shift AXS of atom ic tran sitio n s due to the  
S ta rk  broadening process is given (in Ä units) by W iese (1965) as
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l + 1.75xlO-4N Ie,4a [l-0 .0 6 8 N ^l6T -I,2)yo-I6wNe ...(5.48)
and
V
\ w j
2xlO-4N ’J 4a (l  -  0.068N ^ T ' 112) 10'16wN . ...(5.49)
where d is the shift, w the half-half width due to electron impacts and a 
is the ion broadening param eter. The ± sign in equation 5.49 is 
negative only for those transitions th a t have a negative d/w at low 
tem peratures.
The result of folding the Gaussian profile of the Doppler broadening 
with the Lorentzian profile of the Stark broadening process, results in 
the Voigt function H(a,v) given by Traving as
H(a,v) « T . . e x P S - J 2) ... d y
tc a 2 + (v — y)2
...(5.50)
where a  is the ratio of the Stark width to the Doppler width, th a t is, 
a=y/2AvD and v is the detuning from line centre in units of the Doppler 
width, that is, v=Av/AvD. For the two extreme cases, a=0 results in a 
pure Gaussian profile, while a=°° results in a pure Lorentzian profile. 
Equations 5.43 to 5.50 are used to convert the predictions of the TTV 
model into a theoretical absorption profile given the experimental 
param eters.
The opacity of the plasm a may be estim ated by determ ining the 
absorption coefficient k^ and the magnitude of the optical depth k^L (L
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is the optical path length) in equation 5.43. A portion of gas is defined 
as being optically thin if l^L < 1 and optically thick if k^L >1. In the 
present experiment k^L < 1 for all transitions examined and hence the 
plasma (for those transitions) is taken as being optically thin (this is 
shown to be the case in the atomic oxygen emission experiments in 
chapter 6).
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Chapter 6
EXPERIMENTAL RESULTS 
6.1 The experimental limitations
I t  would ap p ea r a t  f irs t g lance th a t  th e  experim en ta l m ethodology 
embodied in  th is  investigation  w as rela tively  stra igh tforw ard . C erta in  
experim en tal techn iques em ployed are  based  on well developed and 
well t ru s te d  theories; for exam ple, th e  S ta rk  b roaden ing  of th e  Hp 
profile to de term ine  electron populations. On th e  con trary  however, 
several factors im peded the  progress of the  research  program . I t  was 
essen tia l th a t  these problem s were overcome in  order to fulfil th e  aim s 
of the  work. The problem s faced, and  th e ir  solutions, a re  discussed in  
de ta il below. T here  were experim en ta l d ifficulties im posed by the  
operational lim ita tio n s of th e  free p iston  shock tube, as well as the 
ionisation  diagnostic.
The experim ents conducted in  the  p resen t investiga tion  were in  one 
sense very elegant and  yet in  ano ther very problem atic. The elegance 
lay  in  the  re la tive ly  sim ple way in  w hich the  raw  experim ental da ta  
could be reduced to m eaningfu l num bers (a lthough  p e rh ap s  n o t so 
sim ply for th e  CW la se r abso rp tion  experim en ts). In fra re d  fringe 
sh ifts  w ere read ily  eq u a ted  to e lec tron  n u m b er d e n s itie s , w hile 
em ission ra tios were reduced to tem pera tu res. I t was in  acquiring the 
raw  d a ta  how ever, in  w hich difficult experim en ta l problem s w ere 
encountered. One aim  of the  experim ent was to obtain  a da tabase  of
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results for differing pressures and shock velocities at and around the 
condition of interest for the AOTV, tha t is, p=13 Pa, v=10 km s'1. It was 
hoped tha t conditions ranging from 13 Pa to 650 Pa, a t shock velocities 
from 7 km s'1 to 12 kms'1 could be achieved. Unfortunately, it transpired 
th a t an experim ental window existed, and th is  lim ited the 
experimental results to a pressure of 13 Pa and shock velocities of 
between 9 kms'1 and 10.8 km s'1.
As detailed in chapter 4, the infrared interferometric signals were of 
only very small amplitudes. For a complete fringe shift, peak-to-peak 
values of only 10 mV were typical. A major component of the research 
consisted of using a very sensitive piece of electronics, the infrared 
detector, capable of m easuring small changes in  phase, in the 
electrically noisy environment of the laboratory. The small signal 
amplitudes associated with the interferometric diagnostic, made the 
acquisition of data very difficult. This problem was amplified by the 
even smaller signals tha t were associated with fractional fringe shifts. 
This problem, coupled with the presence of an inverse Brems Strahlung 
absorption profile convoluted with the fringe data, set a lower limit on 
the minimum resolvable fringe shift of approximately Ap=l/2 before 
uncertainties became unacceptable. At velocities less than 9 kms*1 in 
air and nitrogen at 13 Pa, the resultant fringe shift was somewhat less 
than Ap=l/2 as the ionisation fraction was small. The only way to 
overcome this problem would have been to increase the wavelength or 
pathlength considerably. Neither option was possible in the present 
work. Hence a lower lim it on the experimental resolution was set by 
the infrared interferometric diagnostic. Although S tark broadening 
would have worked at lower ionisation fractions, this technique gives
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no m easu re  of the  tem poral change in  the  e lectron  num ber density  
using the  OMA system .
As will be detailed in  section 6.2.1, the experim ental system  was able to 
resolve up to 7 fringes in  1 ps. T his w as m any  tim es the  expected 
requ irem en t and  as such there  would appear to have been  no realistic  
upper lim it set by the  ionisation  diagnostic. However, an  upper bound 
was set by the operational lim itations of the  free piston shock tube. DDT 
w as being  ru n  a t  a v o lum etric  com pression  ra tio  of 95, w ith  a 
co rrespond ing  e n th a lp y  of ap p ro x im ate ly  50 M J/kg. T his is an  
ex trem ely  h a rs h  o p e ra tio n a l cond ition  for th e  fac ility , indeed  i t  
tra n sp ire d  th a t  the  p iston  rings req u ired  rep lacem en t every 10-15 
experim ental runs. At velocities g rea te r th a n  10.8 k m s '1, there  was 
severe and  c o n stan t d riv er gas con tam ina tion , th a t  destroyed  the  
in teg rity  of the  te s t  gas (due to the  contact surface in stab ilities , see 
H ouw ing, 1982a). T his problem  is d iscussed  in  m ore deta il in  the  
following section.
I t  w as extrem ely fo rtu itous th a t  the  specific condition of in te re s t for 
w hich d a ta  w as availab le  for com parison to th e  TTV model, nam ely, 
p=13 P a , v= 10km s'1, lay  w ith in  the  experim en ta l window deta iled  
above. How ever, even inside  th e  experim en ta l w indow, d river gas 
contam ination  p resen ted  problem s. The occurrence of contam ination  
inside  the  window ap p eared  to be random  in  ch arac te r, w ith  some 
resu lts  appearing  to be free of con tam ination  and  o thers not. As a 
resu lt of the inheren t random ness of the  severity  of the  contact surface 
contam ination, experim ental repetition  overcame the  problem  to some 
e x te n t. M any e x p e r im e n ta l ru n s  w ere  co n d u c ted  w ith  th e  
in te rferom etric  system  (and  indeed all the  experim ents) in  order to
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obtain  uncon tam inated  resu lts  over the  lim ited  range of conditions. It 
w as not considered constructive to perform  the  sam e repe tition  for all 
th e  experim ents over a range of shock velocities. Because of th is , the 
atom ic/ionic and  m olecu lar em ission, to g e th er w ith  th e  CW la se r  
abso rp tion  experim en ts, w ere confined to th e  conditions for w hich 
d irect com parison to the  tw o-tem perature  kinetic model could be m ade, 
th a t  is, p=13 Pa, v=10km s'1.
6.1.1 Test gas contamination
D riv e r  gas c o n ta m in a tio n  p laced  a sev ere  c o n s tra in t  on th e  
ex p erim en ta l te s t  tim e. The a rr iv a l of th e  con tac t su rface  w as 
determ ined  by observing the  em ission em anating  from the  im purities 
p resen t in  the  d river gas (specifically sodium), th e  in ten s ity  of which 
w as g re a te r  th a n  th a t  em ission com ing from th e  shock h e a ted  air. 
F u rtherm ore , (and perhaps a more sensitive ind icator as to the  degree 
of contam ination), i t  w as possible to observe th e  effect on the  fringe 
sh ifts and  the  m olecular and  atom ic em ission due to the  d river gas 
contam ination. The in terface betw een a clean experim ental ru n  w ith  
no con tam ination  and  a re s u lt  w ith  con tam ina tion  w as ex trem ely  
sensitive to the driver condition.
P ho tog raph ic  p la te  n u m b er 1 show s th e  observed sp ec tru m  from  
351.08 nm  to 393.03 nm  (th is encom passes th e  strong  (0,0) and  (1,1) 
bands of N 2+). No electronic sh u tte rin g  was employed to ob tain  th is  
photograph and  as such i t  contains em ission from th e  constituen ts  of 
both  the  shock heated  a ir  as well as the  im purities p resen t in  the  driver 
gas. This resu lt was scanned and digitized to obtain  a h igh resolution 
im age of the  spectrum  (th is re su lt is not p resen ted  as i t  is over two
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m eters long). Suffice is to say, there  were “possibly” a reas of m olecular 
s tru c tu re  in  th is  p h o to g rap h . T he p h o to g rap h  c learly  h a s  the  
s igna tu re  of an  atom ic spectrum , rem in iscen t of the  iron or chrom ium  
spectra  w ith  a p lethora  of lines. Any m olecular s tru c tu re  w as strongly 
sw am ped by the atom ic em ission from the im purities present.
F igu res 6.1(a) and  6.2 show an  observed fringe sh ift and  m olecular 
em ission spectrum , a t  a d river condition in  w hich th e re  w as severe 
con tam ination  of th e  te s t slug. These re su lts  a re  nonsensical w hen 
com pared to the  re su lts  of figure 6.1 (b) and  o ther “clean” m olecular 
spectrum  presen ted  in  la te r  sections of th is  thesis. These re su lts  were 
obtained w hen there  w as no observed contam ination  u n til well a fte r a 
satisfactory  te s t tim e. The contam ination process was very sensitive to 
th e  am oun t of argon p re sen t in  the  d river gas. A reduction  in  the  
am o u n t of argon  by as l it t le  -as 133 P a  (from  th e  op tim al d river 
condition) re su lte d  in  co n tam in a tio n . F ig u re  6.1(b) show s the  
s ig n a tu re  of a “c lean” ex p erim en ta l in te rfe ro m etric  re su lt. Such 
resu lts  displayed an  approxim ate sym m etry, in  respect to phase, about 
a  p la teau  (seen as a region in  which the  phase is not changing) in  the 
electron population. This type of resu lt is to be discussed a t leng th  a t a 
la te r  stage.
352.66 nm
372.18 nm
391.70 nm
Photographic p la te  # 1
Observed emission from the shock front and contact surfaces 
around the band systems of N2+. The photograph is not 
shuttered. The emission lines, with a definite atomic signature, 
comprise mostly the iron and chromium impurities in the flow at 
the contact surface. There was no definite sign of molecular 
emission as this is swamped by the strong atomic transitions.
■c 0.6
S 0.4
C 0.2
Time from shock front (}is)
_ A p = 1/2
A p = 1/2
“Shock  
■ Front Ap = 2
Time from shock front (jis)
Figure 6.1(a) an d  6.1 (b)
Contaminated and non-contaminated fringe shifts observed at 
similar experimental conditions. The contamination (evident by 
the chaotic behaviour of the phase) is due to the arrival of the 
driver gas and its consequent mixing with the test gas. This 
fringe shift is in stark contrast to the non-contaminated shift, in 
which there exists an approximate symmetry with respect to the 
phase and a well defined plateau in the electron population.
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6.2 In fra re d  in te rfe ro m e try
6.2.1 Argon results
Once the  in fra re d  in te rfe ro m etric  system  w as o p era tiona l, i t  w as 
deem ed p ru d e n t to te s t  i ts  capab ilities  by m easu rin g  th e  electron  
popu lations beh ind  shock w aves for w hich re su lts  w ere fa irly  well 
known. Argon was the  obvious choice of gases as a  lo t of experim ental 
and  theo re tica l w ork has been carried  out on it. F u rth e rm o re , high 
electron  nu m b er d en sitie s  a re  achieved in  a n  argon  flow for two 
reasons. F irstly , diatom ic and  polyatomic te s t gases absorb energy into 
several degrees of freedom  such as v ib ra tio n  an d  ro ta tio n . More 
therm al energy is therefore available for ionisation in  m onatom ic gases 
such as argon, which cannot absorb energy in  th is  m anner. Secondly, 
for a  given specific en thalpy , there  is a high energy per atom  in  the  flow 
due to the  large  m olecu lar w eight of argon. H ence for m odera te  
conditions, argon readily* ionises and  electron  populations some two 
orders of m agn itude  g rea te r  th a n  th a t  expected for the  conditions of 
in te res t for the  AOTV would easily be obtained.
The in frared  in terferom etric  system  w as used to m easure  the  electron 
populations behind shock waves travelling  into 133 Pa and 1333 P a  of 
argon, respectively. These re su lts  a re  show n in  figures 6.3 and  6.4. 
The theore tical peak  electron populations for 133 P a  and  1333 P a  of 
argon are approxim ately 1016 and 1017 cm*3 respectively. These values 
im ply a fringe sh ift of the  order of 10 to 200 fringes, w ith in  a few ps. 
This resu lted  in  a high signal frequency which was not resolvable over 
the  to ta l te s t  tim e. F u rth e rm o re , th e  in v e rse  B re m ss tra h lu n g  
absorption process, a t these  electron densities, absorbs alm ost 100% of
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the test beam. This absorption is clearly seen in both figures 6.3 and 6.4 
as an initial drop in the trace almost immediately behind the shock7. 
Hence resolvable fringe shifts were obtained only a certain distance 
behind the electron cascade front, and, as such, no m easure of the 
population could be ascertained until well into the quasi-equilibrium 
region. Since the fringes could not be monitored throughout the 
relaxation zone, there was no way of determining the order number of 
the first resolvable fringe. Because of this, the theoretical value for the 
electron population, at the position behind the shock front where the 
first fringe became resolvable, was used to evaluate the theoretical 
order number of th a t first fringe. Given th a t order number, each 
subsequent fringe could be numbered, and the decay in the electron 
population could be determined. These results are shown in figures 
6.5(a) and 6.5(b). They are in fairly good accord with the theoretical 
profile. (It could be argued th a t in some sense this is a circular 
argument. It should be realised tha t this process, at the very least, 
demonstrates the functionality of the ionisation diagnostic.)
6.2.2 Nitrogen and air results
H aving tested  the operational efficiencies of the  in fra red  
interferometric diagnostic in an argon flow, the first diatomic gas to be 
run with the system was N2. These results were the first to highlight 
the problems with driver gas contamination discussed in section 6.1, as 
well as the first results tending to support the hypothesis th a t two 
temperatures were characterizing the flow.
The results throughout the experiment, were either digitally, or
7 Figure 6.3 has been inverted. The trace of figure 6.4 ends abruptly. This point coincided with the 
‘end-of-memory’ state for the LeCroy transient recorder.
Chapter 6 : Experimental results 167
photographically  recorded, depending on the  d a ta  acquisition technique 
being  em ployed. The m ethod of d a ta  acqu isition  tended  to  change 
d u r in g  th e  ex p erim en t, due to bo th  e q u ip m en t fa ilu re  a n d  the  
acqu isition  needs of o ther research  projects being ru n  sim ultaneously  
w ith  th e  p re sen t work. F igures 6.6 to 6.12 show the  observed fringe 
sh ifts (and th e ir  digital coun terparts) for the  following conditions.
F igure  6.6 
F igure  6.7 
F igure  6.8 
F igure  6.9 
F igure 6.10 
F igure 6.11 
F igure 6.12
v=10.2 kms*1 into 13 Pa  of air. 
v=10.9 kms-1 into 13 Pa  of air. 
v=10.8 kms*1 into 13 Pa  of N2. 
v=10.2 km s-1 into 13 Pa  of air. 
v=10.5 kms-1 into 13 Pa  of N2. 
v=10.5 kms-1 into 13 Pa  of air. 
v=10.6 kms*1 into 13 Pa  of air.
The electron population w as tak en  to be zero in  front of the shock front. 
T h e re  m ay  h a v e  b e en  som e p re c u rso r  io n is a tio n , a lth o u g h  
in sign ifican t, and  certa in ly  no t m easurab le  w ith  any of the  ionisation  
d iagnostics described . The observed fringe sh ifts  exh ib it severa l 
ch arac te ris tic s  th a t  requ ire  addressing . F irstly , th e  shock fron t was 
tak e n  to coincide w ith  the  beginning of the  fringe shift. The TTV model 
p red ic ts th a t  for ionising  a ir  the  electron population  should a tta in  a 
m e a su ra b le  p o p u la tio n , w ith in  th e  re so lu tio n  of th e  p re s e n t  
experim en t, a t  app rox im ate ly  1 m m  beh ind  the  shock fron t. This 
corresponds to a tim e in te rva l of 0.1 ps and was not resolvable in  th is 
work. A second notable fea tu re  w as th a t  all the  fringe d a ta  exhib it a 
fringe reversa l and  a re tu rn  to the in itia l s ta r tin g  phase. This feature  
w as ind icative  of a peak  in  the  electron population, a p la tea u  (when
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contamination was not too severe) and a re tu rn  to zero population a 
certain distance behind the shock front.
The radiative losses are in no way fast enough to account for the rapidly 
observed decrease in the peak electron population. Indeed the plateau 
should rem ain constant for some considerable distance behind the 
shock front. The fact tha t it did not was cause for some concern as the 
only other possible cooling process was tha t due to the arrival of the cold 
driver gas. Indeed, luminosity experiments looking a t the radiation 
coming from the contaminants within the driver gas, demonstrated a 
correlation between the drop in the plateau in the electron population 
and the contact surface arrival. Free electrons produced via the 
ionisation of these contaminants were insufficient to yield the densities 
of electrons being observed. Furtherm ore, no plateau  should be 
associated with the ionisation of any contam inant nor was there any 
coincidence between the im purity  em ission and the m easured 
ionisation. Hence the electron densities produced as a result of 
contam inant ionisation was deemed negligible. The plateau region 
was to assume valuable importance in the work. It became a sensitive 
indicator of the extent to which driver gas cooling had taken place and 
thereby defined the test time (distance behind the shock) over which the 
experim ental resu lts were valid. In the most severe case of 
contamination, as demonstrated by figures 6.6, 6.7 and 6.8, no plateau 
was observed and the results are therefore valid only up to the point 
where the fringe reversal occurs and the electron population starts to 
decrease before its pseudo-equilibrium population had been obtained. 
After the turning point, subsequent fringe shift information is invalid. 
When conditions were favourable, results of figures 6.9, 6.10, 6.11 and 
6.12 were obtained where the plateau in the population is clearly seen.
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No correlation was observed betw een the  shock velocity and  the  fringe 
reversa l. This is due more in  p a r t  to the  fact th a t  only a rela tively  
narrow  velocity regim e was stud ied  and  th a t  th e  con tam ination  is a 
random  process.
One final fea tu re  of in te re s t w as th e  observed decrease in  the  fringe 
am plitude n e a r  the  end of the  fringe system . This anom aly is seem 
very clearly in  figures 6.6, 6.9, 6.10 and  6.12. I t  was in itia lly  assum ed 
th a t  th is  decrease in  fringe am plitude  w as due to some absorption  
process tak in g  energy out of the  te s t  a rm , possibly  bou n d -free  or 
free—free absorption. This was discounted however as the  decrease in  
am plitude w as no t coincident w ith  the  peak  electron population. No 
in fra red  atom ic or m olecular tra n s itio n s  w ere considered  likely  to 
cause the  absorption, especially in  ligh t of the  fact th a t  the  absorption 
w as no t tak in g  place in  the  reg ion  w here  th e  popu lations of these  
species were a t  a m axim um . The decrease in  am plitude  was again  
a ttrib u ted  to the  arrival of the contact surface. I t was concluded th a t the 
te s t beam  was being slightly  deflected off the  in fra red  detector due to 
changes in  refractive index associated w ith  the  contact surface and the  
d riv e r gas, an d  cau sin g  th e  decrease  in  a m p litu d e . T his w as 
occurring in  a random  m anner as i t  w as assum ed to be a function of 
the contact surface instability , and  therefore did not alw ays occur. This 
was the  only explanation  th a t  w as consistent w ith  the  position behind 
th e  shock of th e  observed  a m p litu d e  change an d  its  random  
appearance .
F igures 6.13 and 6.14 show resu lts  of the  electron population resu lting  
from  shock velocities v=10.5 and  10.7 kms*1 in  N 2 com pared to the
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theoretical model of the one-temperature model, Vardavas (1984). The 
overshoot in the electron population predicted by the one-temperature 
model is a consequence of the rapid ionisation of N2 to form N2+. The 
initial ionisation rate follows exactly the rate of production of N2+. 
Furtherm ore, the peak in the electron population is closely related to 
the peak in the N2+ density. During this time, there is a constant 
dissociation of N2 with a corresponding drop in the temperature. At 
the point behind the shock front where the N population exceeds the N2 
population, the electron num ber density peaks and proceeds to 
decrease, following the production of N+. The decrease in electron 
population is very likely the result of the decrease in flow temperature 
caused by dissociation. It appears tha t the ionisation of N2 proceeds 
more rapidly than its dissociation even though more energy is required 
for the former process. The reduction of the electron number density is 
thus likely to be caused by ionic recombination processes accompanying 
the drop in temperature.
Figures 6.15 to 6.26 show results for the electron population for shock 
waves with velocities between 9.6 and 10.8 kms’1 travelling into 13 Pa of 
air. Figure 6.15 is particularly important as this result is compared to 
both the one and two-temperature models. Unfortunately, theoretical 
predictions based on the two-temperature model are limited to a small 
set of experim ental conditions. Furtherm ore, the code was not 
available for use. This made it impossible to make comparisons for the 
complete range of data presented here. This is in contrast with the 
one-temperature code, which was available and whose data deck could 
be changed. As is evident from these results, the one-temperature 
model significantly overestimates the electron populations. Figures
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6.15 to 6.21 display the  p la teau  in  the electron population. F igures 6.21 
to 6.26 do not a tta in  a p la teau  and hence these resu lts  are only valid till 
th e  po in t a t  w hich th e  peak  in  the  electron  popu lation  is a tta in e d . 
These re su lts  do how ever provide a check on the  re su lts  for w hich a 
p la teau  exists, for the  sam e experim ental conditions, as th e  ionisation  
ra te s  before contam ination are identical.
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Figure 6.3
Multiple fringe shifts resulting from the large ionisation fraction 
in 133 Pa of argon. This trace, digitally recorded, is not correctly 
orientated in that increased absorption corresponds to the upper 
section of the trace, ie, the signal is inverted. The condition for 
this result is =133 Pa argon, v=6.08 kms'1.
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Figure 6.4
Multiple fringe shifts resulting from the large ionisation fraction 
in 1333 Pa of argon. This trace, digitally recorded, is now 
correctly orientated. Both traces of figure 6.3 and 6.4 show the 
severe absorption (and its effect on the fringe amplitude) due to 
inverse Bremsstruhlung process. The condition for this result is 
poo =1333 Pa argon, v=4.72 kms'1.
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Figure 6.5 (a)
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Figure 6.5 (b)
Figure 6.5(a) and 6.5(b)
Results of the infrared interferometric experiments in 133 
and 1333 Pa of argon at shock velocities of v=6.08 and 
4.72 kms'1 respectively.
Time from shock front (jis)
Figure 6.6
Observed fringe shift for v-10.2 k m s 1 shock into 13 Pa of 
air. There is no appearance of the plateau in the electron 
population, only the sudden turning point attributed to the 
arrival o f the contact surface. Both the CRO trace and its 
digitized counterpart are presented. The horizontal scale is 
Ips per division and the vertical scale is 10 m V  per 
division.
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Figure 6.7
Observed fringe shift for v=10.9 km s'1 shock into 13 Pa o f 
air. There is no appearance of the plateau in the electron 
population, only the sudden turning point attributed to the 
arrival o f the contact surface. Both the CRO trace and its 
digitized counterpart are presented. The horizontal scale 
is lps per division and the vertical scale is 10 m V per 
division.
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Time from shock front (jis)
Figure 6,8
Observed fringe shift for v=10.8 km s'1 shock into 13 Pa o f 
N2. There is no appearance of the plateau in the electron 
population, only the sudden turning point attributed to the 
arrival of the contact surface. Both the CRO trace and its 
digitized counterpart are presented. The horizontal scale 
is lps per division and the vertical scale is 10 mV per 
division
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Figure 6.9
Observed fringe shift for v=10.2 km s'1 shock into 13 Pa of 
air. There is an observed plateau in the electron population 
at approximately 1.5 ps from the shock front, lasting 
0.35ps, followed by the turning point attributed to the 
arrival o f the contact surface. Both the CRO trace and its 
digitized counterpart are presented. The horizontal scale is 
112 ps per division for the upper trace and lps per division 
for the lower trace the vertical scale is 10 m V per division. 
All traces are from the same experimental run.
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Tim e from shock fron t (p.s)
Figure 6.10
Observed fringe shift for v=10.5kms'1 shock into 13 Pa of 
N2. There is an observed plateau in the electron population 
at approximately 1.4 ps from the shock front, lasting 0.4ps, 
followed by the turning point attributed to the arrival of the 
contact surface. Both the CRO trace and its digitized 
counterpart are presented. The horizontal scale is lps per 
division and the vertical scale is 10 mV per division.
Tim e from shock fron t (j is )
Figure 6.11
Observed fringe shift for v=10.5 kms'1 shock into 13 Pa of 
air. There is an observed plateau in the electron population 
at approximately 1.3 ps from the shock front, lasting 0.7ps, 
followed by the turning point attributed to the arrival of the 
contact surface seen also as a disturbance in the test beam. 
Both the CRO trace and its digitized counterpart are 
presented. The horizontal scale is 1 /2 ps per division and 
the vertical scale is 5 mV per division.
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Figure 6.12
Observed fringe shift for v=10.6 kms'1 shock into 13 Pa of 
air. There is an observed plateau in the electron population 
at approximately 1.2 ps from the shock front, lasting 1.5 ps, 
followed by the turning point attributed to the arriva l o f the 
contact surface. Both the CRO trace and its digitized  
counterpart are presented. The horizontal scale is lps per 
division and the vertical scale is 5 mV per division.
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Figure 6.13 : Electron population V's distance behind shock 
front for : p „= 0.1 Torr, u= 10.5 kms in N2
----------: Theoretical (Vardavas, 1980)
............ : Experimental
\ : Typical error bar
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Figure 6.14: Electron population V's distance behind  ^shock 
front for : p oc= 0.1 Torr, v= 10.7 kms in N2
------------: Theoretical (Vardavas (1980))
.............. : Experimental
\ : Typical error bar
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Figure 6,15 : Electron population V's distance behind shock 
front for : pM =  0.1 Torr, v= 10.0 kms’ in air
-------------: Theoretical (Vardavas, 1980)
: Theoretical (Park, 1989)
............... : Experimental
\ : Typical error bar
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Figure 6.16: Electron population V's distance behind shock 
front for : poo= 0.1 Torr, u= 10.1 kms'lin air
---------- : Theoretical (Vardavas, 1980)
............ : Experimental
f : Typical error bar
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Figure 6.17 : Electron population V's distance behind shock 
front for : p ^ -  0.1 Torr, v= 10.2 kms' in air
----------; Theoretical (Vardavas, 1980)
............ : Experimental
\ : Typical error bar
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Figure 6.18 : Electron population V's distance behind shock 
front for : poo= 0.1 Torr, v= 10.5 kms 'in air
----------: Theoretical (Vardavas, 1980)
............ : Experimental
f : Typical error bar
El
ec
tr
on
 p
op
ul
at
io
n
10
Distance behind shock front (cm)
Figure 6.19 : Electron population V's distance behind shock 
front for  :/?«= 0.1 Torr, v= 10.6 kms ’in air
------------ : Theoretical (Vardavas, 1980)
...............: Experimental
\ : Typical error bar
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Figure 6.20 : Electron population V's distance behind shock 
front for : pj=  0.1 Torr, v= 10.7 Jans' in air
----------: Theoretical (Vardavas, 1980)
............ : Experimental
i : Typical error bar
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Figure 6.21 : Electron population Vs distance behind shock 
front for : pM = 0.1 Torr, v= 9.6 kms~ in air
------------: Theoretical (Vardavas, 1980)
.............. ; Experimental
\ : Typical error bar
El
ec
tr
on
 p
op
ul
at
io
n
Distance behind shock front (cm)
Figure 622 : Electron population V's distance behind shock 
front for : p ^ -  0.1 Torr, v= 10.2 kms~ in air
-----------; Theoretical (Vardavas, 1980)
............. : Experimental
\ : Typical error bar
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Figure 6.24 : Electron population V's distance behind shock 
front for : poo= 0.1 Torr, u= 10.4 fans' in air
----------: Theoretical (Vardavas, 1980)
............ : Experimental
t : Typical error bar
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Figure 6.25 : Electron population V's distance behind shock 
front for : pao= 0.1 Torr, v= 10.7 kms in air
----------: Theoretical (Vardavas, 1980)
............ ; Experimental
f : Typical error bar
Distance behind shock front (cm)
Figure 6.26 : Electron population V's distance behind shock 
front for : poo= 0.1 Torr, v= 10.8 fans' in air
----------: Theoretical (Vardavas, 1980)
............ : Experimental
\ : Typical error bar
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6.3 The Stark broadened Hß profile
The S ta rk  broaden ing  technique w as confined to experim en ts in  air. 
Two experim ental techniques were outlined in  section 4.5. Tem porally 
resolved em ission spectra, a t several detim ings from line centre for the 
Hß tran s itio n , w ere obtained  for v = 10 kins*1 in  13 Pa  of air. These 
re su lts  are  p resen ted  in  figures 6.27. As is evident in  th is  figure, all 
the  Hß em ission resu lts , a t p a rticu la r detun ings, have fundam enta lly  
th e  sam e p ro file s , th e  p e ak  in  th e i r  a m p litu d e  o ccu rrin g  a t  
approxim ately  1/2 cm beh ind  th e  shock front. W hen all curves are  
norm alized, th e ir  overlap is such th a t  only one curve is seen. This is 
not very  illu s tra tiv e  and  therefo re , th e  re su lts  have been  p resen ted  
non—norm alized . T hese re su lts  h ig h lig h t th e  fac t th a t  th e  tim e 
evolution of the  line profile is effectively constan t to about 5% from line 
cen tre  to d e tu n in g s  of ± 40 nm . T his w as e ssen tia l if  th e  S ta rk  
broadened m easurem ents of the  Hß line using  the  optical m ultichannel 
analyser were to produce non-convoluted resu lts .
F ig u re  6.28 p re s e n ts  a r e s u l t  of th e  Hß lin e  em ission  in  the  
pseudo-equilib rium  region obtained from the  experim ents u tiliz ing  the 
optical m u ltich an n e l analyzer. The cen tre  dip is seen  an d  is an  
im p o rtan t s ig n a tu re  confirm ing th a t  one is ac tu a lly  looking a t  the 
hydrogen tra n s itio n  and  not some o ther atom ic im p u rity  (no atom ic 
constituen t of a ir  has a coincidence w ith  the  hydrogen transition). The 
resu lts  of figure 6.29 and 6.30 (norm alized and  scaled to the  theoretical 
profile) w ere ob ta ined  by sim ply tak in g  th a t  po rtion  of th e  OMA 
spec trum  co n ta in in g  th e  Hß profile  an d  a p p ro p ria te ly  converting  
channel n u m b ers  to d e tun ings m easu red  in  u n its  of w avelength .
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There was no observed line shift, when compared to a hydrogen 
discharge lamp prior to the experimental run, and hence the position 
of the dip was taken as corresponding to line centre. I t may be 
considered inaccurate to remove the profile from the to tal OMA 
spectrum without any consideration to the effects suffered by the wings 
of the transition, lying just within the noise. It is true tha t some error 
may have been introduced to the wings of the profile during the 
subtraction process. However, the FWHM of the profile is used to 
reduce the electron population (and the half maximum is well above 
the noise). Consequently, any distortions to the wings of the profile 
were considered to have a negligible effect on the results.
Figures 6.29 and 6.30 are for the conditions of shock velocity v = 10 kins-1 
into 13 Pa of air and v = 10.6 kms-1 into 13 Pa of air, respectively. There 
is good agreement between these S tark broadening results and the 
measured electron populations using the infrared interferometry. The 
electron populations for the results of figures 6.29 and 6.30 are 
(9.1 ± 0.6) x 1014 cm’3 and (6.1 ± 0.6) x 1015 cm’3 respectively, 1.5 cm 
behind the shock front. This is compared to the results obtained with 
the interferometric ionisation diagnostic which gave results, a t the 
equivalent experimental conditions and position behind the shock, of 
(1.0 ± 0.2) x 1015 cm*3 and (6.0 ± 0.2) x 1015 cm'3 respectively.
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Figure 6.27
Temporally resolved emission from the hydrogen beta 
transition at various detunings from line centre.
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Figure 6.29
Reduced hydrogen beta line shape from OMA emission spectrum, 
together with the theoretical profile for Ne-1015cm~bbtained from 
the broadening parameters of Griem (1964). The theoretical 
profile has been convoluted with the appropriate instrument 
function such that direct comparison to experimental data could 
be made. The experimental condition is p°*=13 Pa, v=10.0 km s1 
in air.
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Figure 6.30
Reduced hydrogen beta line shape from OMA emission spectrum, 
together with the theoretical profiles for i\£ - l ( f 5and 1016 cm3 
obtained from the broadening parameters of Griem (1964). The 
theoretical profiles has been convoluted with the appropriate 
instrument function such that direct comparison to experimental 
data could be made. The experimental condition is p<*=13 Pa, 
v=10.6 kms~1in air.
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6.4 Em ission from m olecular n itrogen
The molecular emission experiments were conducted in order to make 
a measurement of the rotational temperature. Emissivity calculations, 
together with experim ental data, have shown th a t the strongest 
em itters in shock heated air a t the tem peratures applicable to the 
AOTV are the first negative system of N2+ and the second positive 
system of N2. In agreement with this, the two-temperature kinetic 
model predicts that the majority of radiation a t wavelengths between 
400 and 420 nm would comprise mostly of the first negative system of 
N2+. Experiments were conducted in both the T3 and DDT shock tubes 
(the experimental arrangem ent of which is shown in figure 4.7) to 
obtain a OMA spectrum of the rotational structure centered between 
the (0,0) and (1,1) band heads of the first negative system of N2+ at 391.1 
and 388.1 nm respectively.
Prior to the m easurem ents on individual transitions, a temporally 
resolved, digitally recorded emission profile was obtained and is 
presented in figure 6.31. The intent was to obtain such a measurement 
for comparison with the broadband emissive predictions of the 
tw o-tem perature kinetic model. In the experiments of Allen et al 
(1962), as a consequence of the shock front curvature, the determination 
of its exact position was not possible and, as such, the relaxation 
lengths were determined solely from the observed luminosity profiles. 
The foot of the emission profile was determined by drawing a straight 
line through the rising  portion of the lum inosity  trace and 
extrapolating this back to the “distance behind shock front” axis. The 
same procedure was followed in the theoretical work of Park (1989) and
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is adopted in  the  p resen t experim ent. The various p a ram ete rs  shown 
in  figure 6.31 are those employed by P ark . xp rep resen ts the  distance to 
the  point of peak  lum inosity  as m easu red  from the  lum inosity  foot. A 
relaxation  tim e xp is obtained from th is distance and  the shock velocity. 
x e rep re se n ts  the  equ ilib rium  po in t, defined in  the  experim en ts of 
A llen et al as being equal to 1.1 tim es th e  equilibrium  rad ia tion  value. 
A gain  xe is m easu red  from  th e  foot of th e  lu m in o sity  a n d  the  
corresponding tim e xe determ ined . The theo re tica l em ission profile 
given by P a rk  (1989) (see figure  3.4) h a s  been  convoluted w ith  a 
G aussian  slit of 0.5 mm w idth a t h a lf  height. This was done in  order to 
allow the com parison of the  theo re tical profile to th e  experim en ts of 
Allen et al (1964). In  these  experim en ts, the  em ission w as observed 
th ro u g h  a s lit  of 0.5 m m  w id th . In  th e  p re se n t ex p erim en ts , a 
photodiode was im aged into the shock tube and  hence the re su lts  were 
convoluted w ith  an  in s tru m e n t func tion  w ith  a sm a lle r  FW HM . 
Because of th is , th e  observed em ission profile is not as b road  as th a t 
p resen ted  by P a rk . To allow a d irec t com parison to be m ade of the 
observed em ission and the theoretical profile, the  experim ental d a ta  is 
convoluted w ith  th e  ap p ro p ria te  G au ss ian  function  (the  use  of the  
G a u ss ia n  in s tru m e n t  function  is d iscu ssed  in  c h a p te r  7). The 
broadband em ission profile obtained in  the  p resen t work, and  su itab ly  
convoluted for com parison to P a rk ’s model, is p resen ted  in  figure 6.32. 
I t  m ust be stressed  th a t  th is  experim ental em ission trace is norm alized 
to th e  th eo re tic a l profile. No m ea su re  w as m ade of th e  pow er 
spectrum . The predictions of the  tw o-tem pera tu re  k inetic  m odel for 
these  profiles are  given in  W/cm3. One deficiency of th is  experim ent 
was th a t the power density was not determ ined.
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Figure 6.33 is rep resen ta tive  of the in itia l OMA resu lts  obtained for the 
spectrum  of the  ro tational s truc tu re  a t the  (0,0) and  (1,1) band  heads of 
the  first negative system  of N2+ a t 391.1 and 388.1 nm  respectively. As is 
clearly evident, profiles w ith  a definite atom ic signatu re  were obtained 
around  389.4 nm . These lines do not correspond to any constituen t of 
shock heated  air. Atomic oxygen has one tran sitio n  (2p33s - 2p3(4S°)3p) 
a t 394.7 nm  w hich is ju s t  outside th e  w aveleng th  window. Atomic 
n itrogen has no tran sitions in  th is spectral region, the  closest being the  
t r a n s it io n  2p2(3P)3s - 2p(1D)3p’ a t  409.9 nm . The absence of any  
m olecu lar s tru c tu re  w as suggestive of a d riv er gas co n tam in a tio n  
problem . One of th e  strongly  em itting  con tam inan ts p re sen t in  the  
contact surface is chrom ium . Chrom ium  has a re la tively  strong  se t of 
tra n s itio n s  su rro u n d in g  388.6 nm  (the  a 5Z - z5D° m ultip le t). Iron, 
ano ther contam inant, has a coincidence w ith  chrom ium  a t 388.6 nm  as 
well as a m u ltitu d e  of w eaker tra n s itio n s  th ro u g h o u t th is  spectra l 
region. I t  w as concluded th a t  these  atom ic tran sitions, in  the  contact 
surface m ixing zone, resu lted  in  the  em ission spectra  of figure 6.33.
F igure  6.34 shows th e  re su lts  of rep lacing  400 P a  of he lium  in  the  
helium /argon driver mix, w ith  400 Pa  of argon. This h ad  the  effect of 
slowing the  shock speed slightly  and a llev ia ting  slightly  the  d river gas 
contam ination . This spectrum  has been d isplaced (by ad ju s tin g  the  
spectrom eter) to a position of lower wavelength. This was an  a ttem p t to 
include in  the  spectrum  th e  atom ic oxygen tran s itio n  a t 394.7 nm . The 
chrom ium  / iron con tam ination  is still p resen t in  th is  spectrum , a lbeit 
a t a greatly  reduced in tensity . There is however struc tu re  p resen t th a t  
is consisten t w ith  ro-vibronic tran s itio n s  of a m olecular band  system . 
The oxygen tran sition  was no t observed. This w as m ost probably due to 
its low oscillator streng th  coupled w ith the  fact th a t  i t  is now com peting
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with the molecular emission.
Figure 6.35 (now moved back to the same spectral position as tha t of 
6.33) presents the results of a further 250 Pa reduction of helium driver 
replaced by the same quantity of argon. Figure 6.35 demonstrates the 
sensitivity of the driver gas contam ination process to the driver 
conditions. No sign of atomic emission is present in this figure, the 
only anomalous peaks in the spectrum now correspond to the band 
heads at 388.1 nm (the (1,1) band head of N2+) and at 391.1 nm (the (0,0) 
band head of N2+). As described in chapter 4, the resolution of the 
molecular emission experiment was such tha t the individual rotational 
transitions could be resolved. This is clearly seen in figure 6.35.
Using Ar, Ne and Hg discharge lamps together with Ca, Cd, Cs, Ba, 
Ur and Fe hollow cathode lamps, the spectrum of figure 6.35 was 
accurately calibrated using the wavelength and transition probabilities 
of Wiese et al (1969 & 1980). Subsequently, the wavelength of each 
transition  was determ ined. Each rotational transition  was then 
assigned a quantum  number based on the comparison between the 
experimental spectrum and the theoretical spectrum. Testament to the 
accuracy of th is process was the very d istinct p a tte rn s  (the 
approximately equally spaced lines and band heads etc, with respect to 
the quantum number) tha t appeared in the rotational structure.
From these calibrated spectra it  was possible to position the 
spectrometer on a rotational transition to within ± 0.03 nm. Temporally 
resolved emission measurements were then conducted on the P(43) and 
R(20) lines in the (0,0) band of N2+ in order to obtain a measurement of
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th e  ro ta tio n a l te m p e ra tu re  by com paring  th e  ra tio s  (a t th e  peak  
em ission point) of these  tran sitio n s. The sp litting  of these  ro ta tiona l 
tran s itio n s  according to J= K ± l/2  (described in  section 5.4) w as not 
observed, because th e ir  separa tion  could not be resolved by th e  p resen t 
experim ental system .
The ro ta tio n a l te m p e ra tu re  reduced  from  th ese  m easu rem en ts  was 
(24,500 ± 4,700) K a t the  peak  em ission point, 0.59 cm behind the  shock 
front.
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6.5 Atomic and ionic oxygen em ission
Figure 6.36 shows a typical (typical w hen conditions were favourable) 
em ission spectrum  obtained w ith  the  optical m ultichannel an a ly se r of 
th e  atom ic oxygen tra n s itio n s  ( tra n s itio n  a rra y  2p33s - 2p3(4S°)3p  
m ultiplet, 5P° - 5P) a t 777.196, 777.418 and 777.540 nm. These levels have 
a degeneracy of 7, 5 and  3 and  oscillator s treng th s of 0.431, 0.307 and 
0.184, respectively. The signal-to-noise ratio  for these  experim ents was 
very  h igh  (especially  a t  e levated  p ressu res) as th e re  w as very  little  
ex tran eo u s em ission  a t  th ese  w aveleng ths. An optical f ilte r  w as 
employed to rem ove from  the  spectrum  the  in ten se  em ission coming 
from the (0,0) and (1,1) ro-vibrational tran s itio n s of N 2+ a t 388.1 and 
391.0 nm. These band system s overlap in  second order w ith  the  oxygen 
tran s itio n s .
F igure 6.37 (a-e) p resen t the observed effect of progressively decreasing 
the te s t gas pressure  on the  em issivity of atomic oxygen (proportional to 
the population of the atom ic oxygen). F igure 6.37 (a) is for a free stream  
pressure  of 1333 Pa; figure 6.37 (b), 400 Pa; figure 6.37 (c), 133 Pa; figure 
6.37 (d), 40 P a  and figure 6.37 (e), 13 Pa. F igure 6.37 (f) shows an  argon 
calib ra tion  tra n s itio n  a t 772.30 nm , toge ther w ith  the  th ree  oxygen 
tran s itio n s  from the  “hom e-m ade” discharge lam p. These tran s itio n s  
allow ed a ca lib ra tion  of th e  spec tra  to be m ade. The atom ic line 
em ission spectrum  ob tained  a t  several p ressu re s , figure 6.37, w ere 
in teg ra ted  over the frequency range to obtain a to ta l emissive power and 
were norm alized by p ressu re  to give th e  em issive power per particle . 
These resu lts  are  shown in  figure 6.38.
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The OMA em ission spectrum  of the  atom ic (figure 6.37(e)) and  ionic 
oxygen tran sitio n s a t  v=10 kms*1 and  poc=13 Pa, (obtained over several 
accum ulation  cycles), is p resen ted  in  figure 6.39. The 777.196 nm  
tra n s itio n  in  atom ic oxygen and  th e  464.914 nm  tra n s itio n  in  ionic 
oxygen w ere used  to e v a lu a te  th e  ion-to -a tom  in te n s ity  ra tio  for 
com parison to theory. The experim ental m easu rem en t was m ade a t  a 
distance of 1.48 cm behind  the  shock front. This is p resen ted  in  figure 
6.40. The plot associated w ith  T=Te is calculated using  equation  5.38, 
w hich rep resen ts  the  ion-to-atom  ra tio  for th e rm al equilibrium . The 
plot associated w ith  T*Te is calcu lated  using  equation  5.41, corrected 
for the  case of chemical b u t no t therm al equilibrium . This accounts for 
the  tru n ca tio n  of the  theo re tica l plot below 0.6 cm, w here chem ical 
nonequilibrium  prevails. I t  h as been shown th a t  a t  th is  po in t behind 
the  shock fron t the  electron population  is reach ing  a m axim um  and 
pseudo-equilibrium  is being a tta ined .
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Figures 6.37 (a) to 6.37 (e)
OMA spectra showing the decrease in the emission from the 
excited states of atomic oxygen with decreasing free stream 
pressure (wavelength is increasing left to right). Figure 6.37 
(f) shows the Argon calibration line together with the three 
oxygen lines of interest obtained from a "home made" discharge 
lamp.
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Emissive power per particle versus the 
pressure. This result is obtained from the 
results of figure 6.37 (a)-(e).
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Figure 6.39(a) and 6.39(b)
The three transitions in neutral oxygen and 
the three transitions in ionised oxygen after 
several accumulation cycles on the OMA. 
Both results pj= 13 Pa, v=10.00 kms 'in air
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Theoretical ionic to atomic intensity ratio for 
oxygen. The predictions of Park's model are 
used to evaluate this plot from equation 5.41 
at the condition p -  15 Pa, v=10.00 kms'1
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6.6 Infrared CW diode laser absorption by  
atom ic oxygen
Of all the experim ents, th is  w as the  m ost problem atic. The difficulties 
assoc ia ted  w ith  th e  d river gas con tam ina tion , of course, pe rs is ted  
th roughout. Com pounding th is  difficulty, w as the  e rra tic  behavior of 
the  diode laser. I t  was tru e  th a t  th is  device would operate, w ith high 
stab ility , w ith in  a given mode. How ever these  m odes w ere very well 
defined  an d  th e re  w ere  sp e c tra l reg ions in  w hich  la s in g  w as 
im possible. Because of th is , i t  w as no t possible in  th is  experim ent to 
conduct several tem porally  resolved experim ents a t different detunings 
across th e  tra n s it io n  of in te re s t. H ad  i t  even  been  possible to 
continuously tune  across the  oxygen profile, an  accurate  determ ination  
of the  de tun ing , would have been  difficult. O ptogalvanic tu n in g  is 
excluded as continuous oxygen p lasm as are  no t read ily  generated  in 
discharge. I t  is not im m ediately  understood how fu tu re  work in  laser 
abso rp tion  spectroscopy in  shock h e a ted  oxygen can  be perform ed 
w ithout a m ethod of accurately  m easuring  the  w avelength. Hence, in 
th is  experim ent, the  spectral position of the la se r was placed such th a t  
i t  w as as close as possible to line centre, while still being sufficiently 
u n d er th e  profile (allow ing for line  sh ift and  broadening) to give a 
m easurable absorption signal. The absorption obtained in  th is m anner 
is shown in  figure 6.41. The accuracy w ith  which the  spectral output of 
the lase r could be positioned, w ith respect to the oxygen profile, was not 
as good as was in itia lly  hoped. The u n certa in ty  is clearly seen in  th is 
figure w hich shows the  change in  the  p redicted  absorption  given the  
error in  which the  detun ing  was determ ined.
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The fluctuation in the absorption signal a t the ta il end of the 
experimental trace is due most probably to real time variations in the 
atomic oxygen populations. This is not unexpected, as mixing with the 
driver gas is, once again, most probably taking place here.
0.99-
•2 0.89-
\  Limit of uncertainty 
\  due to error in 
\  determining detuning
Time from shock front (jj.s)
Figure 6.41
Experimentally observed absorption signal due to atomic 
oxygen Vs time from the shock front. The absorption 
predicted by the TTv model is also presented. The two 
curves represent the limit of uncertainty due to errors in 
determining the detuning. The condition is p  = 13 Pa, 
v=10.01 fans'lin air .
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Chapter 7 
DISCUSSION
7.1 Electron number density m easurem ents 
in air
As is evident, there is excellent agreement between the theoretical 
electron population as predicted by the TTV model and the 
interferometric and Stark broadening results. The one-temperature 
nonequilibrium model however, overestimates the populations at the 
conditions studied. This discrepancy is explained as follows 
(Taloni et a l , 1989). In the chemical relaxation zone, both heavy 
particles and electrons participate in excitation, dissociation and 
ionisation collisions. However, since inelastic collisions involving 
electrons have a much larger cross section than  those involving only 
heavy particles, the rate at which electrons partake in inelastic 
processes is much larger. As a result, the electrons lose energy more 
rapidly. Furthermore the energy transfer between electrons and heavy 
particles through elastic collisions is many orders of magnitude lower 
than th a t between different electrons and different heavy particles. 
This is a consequence of the large mass disparity between the electrons 
and heavy particles. The electrons are thus expected to establish a 
Maxwellian velocity distribution at one temperature Te, while the heavy 
particles establish a distribution a t a different tem perature T with 
Te < T. The assumption that the vibrational and electron temperatures 
are, to a good approximation, equal, is based on the fact th a t the
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transfer of energy between the translational energy of the free electrons 
and the vibrational modes on the N2 molecule is extremely rapid. Since 
the electrons in teract strongly with the vibrational and electronic 
levels, these levels are expected to establish a Boltzmann distribution at 
the electron tem perature. Rotational levels on the other hand are 
readily excited by heavy particle collisions and are thus expected to 
establish  a Boltzm ann d istribu tion  based on the translational 
temperature of the heavy particles.
Some distance behind the shock (about 10 mm) the chemical species 
approach a state of “pseudo-equilibrium” where the recombination 
reactions balance the dissociative/ionisation reactions. The gas, 
however, rem ains in a sta te  of therm al nonequilibrium  for a 
considerable distance behind the shock because the energy transfer 
between electrons and heavy particles by elastic collisions is low. As 
the electron temperature is lower than the heavy particle temperature, 
this will result in a lower electron population than would be expected at 
thermal equilibrium. This conclusion is supported even more strongly 
in light of the results obtained in the experiments looking at the 
intensity ratio of the transitions in O and 0 +. It is shown tha t the 
magnitude of the ion-to-atom in tensity  ratio predicted by theory 
(equation 5.41) increases when the flow is characterized by one 
tem perature. This implies th a t the electron num ber density has 
increased. When two tem peratures were allowed to characterize the 
flow, there was a drop in the intensity ratio, indicative of a drop in the 
electron population. The experimental result obtained at 1.48 cm 
behind the shock front, supports the theoretical predictions th a t 
characterize the flow by two temperatures.
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Park does take into account radiation losses through an iterative 
technique but has found that their effects on the general flow properties 
are insignificant (see Park, 1989). This is to be expected at these low 
density conditions. The radiation losses are not significantly fast to 
cause a rapid change from the peak electron population. The observed 
decrease in electron number density following the plateau region is 
attributable to the arrival of the contact surface and mixing of the cooler 
driver gas with the shock heated test gas.
One im plicit assum ption made in the reduction of the infrared 
in terferom etric fringe shifts was th a t the in itia l fringe shift 
corresponded to the arrival of the shock front. In the experiment, there 
was no independent way of determining the exact position of the shock 
front. Typically, flow visualization in the visible would have been 
conducted simultaneously with the interferometry, in order to correlate 
the shock front position and the electron population. Due to the low 
density however, th is was not possible. Certainly the electron 
populations measured were behind the shock front, as the ionisation 
diagnostic was below the resolution required to resolve any precursor 
ionisation. Hence, if as Park suggests, there is no ionisation until at 
least 1 mm behind the shock front, then there would be a small offset in 
the position of the infrared fringe shifts. This would result in the 
experiments and the TTV model being in greater accord with respect to 
the ionisation  ra te , th an  is suggested by the  experim ents. 
Unfortunately, no indication can be given as to the occurrence or 
possible magnitude of this offset.
The interferom etric results not only give temporally and spatially 
resolved m easurements of the electron population behind the shock
Chapter 7 : Discussion 186
front, b u t also provide a m easu re  of the  ion isation  ra te . An average 
ion isation  ra te  w as determ ined  by m easu ring  th e  slope (Ane/At) of a 
line draw n from the  shock front (s ta rtin g  a t x=0) to the  point w here the 
p la te a u  in  the  electron population  w as ju s t  being  reached. For the  
c o n d it io n  v = 10km s*1, poo = 13 P a , th is  r a te  w as m e a su re d  as 
(1.6 ± 0.2) x 1021 cm ^s '1. The theoretical prediction of the TTV model for 
th is  average ionisation ra te  was 1.34 x 1021 c m ^ s '1. These two values 
are  in  fa ir agreem ent w ith  each o ther b u t are  m arkedly  different from 
the value of 5.34 x 1021 ernes'1 predicted by the  one-tem perature model.
As w as de ta iled  in  ch ap ter 2, the  dom inance of p a rtic u la r  ionising 
reaction  sequences is very sensitive to the  shock velocity. F igure 2.1, 
ch ap te r 2, rep roduced  from  W ilson (1966), p re se n ts  a p lo t of the  
theo re tica l and  observed ion isation  d istances beh ind  shock waves in 
air. The theoretical curves a re  obtained  from the  w ork conducted by 
Lin and  T eare (1963) which is described in  ch ap te r 2. The overall 
ionisation tim e was defined as the  tim e betw een the  shock front and  the 
tim e a t  which a line draw n th rough  the  m axim um  slope of the  rising  
electron population reached peak signal. This ionisation  tim e was then  
m ultip lied  by the  shock velocity to give the  ion isa tion  leng th . This 
ionisation leng th  w as then  norm alized by the u p stream  m ean-free-path 
which is 0.48 m m  a t 13 Pa. The ionisation distance divided by the m ean 
free p a th  m easu red  in  th e  p re se n t ex p erim en t w as 15.7±0.4 a t  
v=10 k m s '1, p=13 Pa  and 24.3±0.6 a t v=10.6 kms*1, p=13 Pa. These 
re su lts  a re  in  good ag reem en t w ith  th e  o th er experim en ta l re su lts  
(obtained by observing the ra te  of em ission of in frared  lum inosity), and 
suggest th a t the  dom inant ionising reaction sequences are, as expected 
a t the  experim ental velocities stud ied , the  electron im pact ionisation
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reactions, w ith the in itia l electron production resu lting  from 
atom—atom collisions detailed in chapter 2.
Figure 6.29 and 6.30 shows the comparison between the theoretical and 
measured profile for the Stark broadened Hß line. The two curves have 
been normalized by the experimental height of the two maxima in the 
profile. The theoretical Hß lines, S tark  broadened by electron 
populations of Ne =1015 cm-3 and Ne = 1016 cn r3 respectively, were 
produced by broadening param eters obtained from Griem. The 
experimental Stark broadened lines are seen to be in good agreement 
with the theory and the populations reduced from their FWHM are in 
good agreement with the interferometric measurements. There are 
however some discrepancies between the observed and calculated 
profiles. Initially it is seen tha t the central dip is not as pronounced in 
the experiment as is predicted by theory. This disparity may be 
explained by the effects of ion motion or perhaps inelastic collisions 
between perturbing electrons and radiating atoms.
Lee (1973) undertook a theoretical study of the spectral line broadening 
of the Hß transition in a plasma and attempted to include ion dynamic 
effects into this analysis. F irst attem pts to model line broadening took 
the path  of a static field approach, (Griem, 1959) This analysis 
included electron broadening in  a modification to the static  
assumption. When the electron dynamics were included, the central 
dip decreased in magnitude, (in the static approximation there was 
zero intensity at line centre) but there was still a discrepancy with 
observation. Lee demonstrated a marked change in the central dip 
with the inclusion of ion dynamic broadening, but found virtually no
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change in  the  theore tical profiles exclusive of ion dynam ic broadening 
a t detunings beyond ± 0 .02  nm  of the  two peaks.
Hill et al (1971) com pare m easured  S ta rk  broadened profiles of the Hß, 
Hy and  Hg tran s itio n s  w ith  the  theoretical calculations of Kepple and 
G riem  (1968). H ill et al include in  th e ir  com parison contributions to 
th e  lin e  b ro ad en in g  from  in e la s tic  collisions be tw een  p e rtu rb in g  
electrons and  rad ia tin g  atom s. I t  w as found th a t  th e  values of the  
e lectron  d en sitie s  deduced from  th e  th eo re tica l p rofiles, w ith  the  
inc lu sion  of in e la s tic  co llisional effects, im proved th e  q u a lita tiv e  
ag reem en t n ea r line centre. However, the  G au n t factors used  in  the  
calculations caused the  m agnitude of the  effect on the  broadening to be 
overestim ated.
The separa tion  of the  two m axim a in  the  profile of the  Hß tran sition  is 
no t as pronounced in  the  experim en t as in  th e  theory . W hen N e 
becomes g rea te r th a n  1017 cm*3, the separation  of the  m axim a of the Hß 
profile reaches more th a n  1.5 nm. I t  has been  suggested by O kasaka, 
N ag ash im a  an d  F u k u d a  (1975) th a t  th e  d ifference be tw een  th e  
separa tion  of the  m axim a resu lts  m ain ly  from the w ay in  which the  
micro-field d istribu tion  is correlated.
There exists a good sym m etry  in  the  observed profile about line centre. 
Typically, any asym m etry  of the  Hß line becomes more noticeable w ith 
increasing  electron num ber density , p a rticu la rly  for densities g rea te r 
th an  1016 cm*3.
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U n fo r tu n a te ly , a d ire c t q u a n ti ta t iv e  com p ariso n  b e tw ee n  th e  
experim en tal re su lts  ob tained  in  th is  study  and  th e  th eo re tica l and 
experim en ta l work u n d e rta k en  by those d iscussed  in  th e  l ite ra tu re  
review  (ap a rt from P ark , 1989 and  V ardavas, 1984), is not a ltogether 
possible. The problem  lies w ith  the  fact th a t  the  conditions considered 
by these o ther studies falls well outside the  experim ental regim e of the 
p resen t work. Typically, shock velocities of 6 km s-1 in to  a ir  p ressu res of 
133 P a  w ere considered. T his m akes a q u a n tita tiv e  com parison  
difficult, considering the  conditions of th e  p re sen t experim en ts were 
10 k m s '1 in to  a ir  p ressu re s  of 13 Pa. On th e  o th er h an d , certa in  
qualita tive  com parisons could be m ade. Zalogin et a l (1980) m easured  
th e  e lec tro n  n u m b er d e n s itie s  v ia  an  in f ra re d  in te rfe ro m e tr ic  
tech n iq u e  s im ila r to th a t  described  in  c h a p te r  4. A lthough  the  
experim ental conditions of th is study were considerably different, there  
was good qualita tive  agreem ent betw een those re su lts  and  those of the 
p resen t work. The ionisation  d istances were sim ilar and  bo th  resu lts  
exhibit the  rise  to a p la teau  in  the  electron population, followed by a 
rap id  decrease. (No exp lanation  is given for th is  decrease an d  it is 
assum ed  th a t  s im ila r processes are  occurring w ith  respec t to d river 
gas cooling.)
7.2 Em ission from m olecular nitrogen
P a rk  (1989) m akes a com parison betw een the  em ission profile of the  
experim ents of Allen, Rose and Cam m  (1962) and  the predictions of the 
TTV model. He points out th a t, in  these experim ents, the  exact position 
of the  shock front was unknow n due to its  cu rvatu re. Because of this, 
he determ ined  the  re laxation  leng th  from the  tim e resolved em ission
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profile in  the  m anner described in  chap ter 6. P a rk  adopts th is  process 
in  o rder to de te rm ine  th e  re lax a tio n  len g th  and  th e  p re se n t work 
follows suit. The em ission profiles are  in  very good agreem ent w ith  the 
T T V m odel, in  so m uch as th e ir  peak  em ission po in ts an d  general 
profiles are  very  sim ilar. F igure  6.31 p resen ts  the  raw  experim ental 
em ission  profile lab e lled  w ith  th e  v arious re la x a tio n  p a ra m e te rs . 
F igu re  6.32 p re sen ts  th e  sam e profile, convoluted w ith  a 0.5 m m  
FW HM  G aussian , to g e th er w ith  th e  p red ic tions of the  TTV model, 
sim ilarly  convoluted. P a rk  p resen ts h is d a ta  in  th is  form to allow the 
com parison to be m ade betw een  h is m odel and  th e  experim en ts of 
A llen et al (1962) who h a d  such an  in s tru m e n t function  in  th e ir  
experim ents. I t  is no t a t  all c lear how an  experim en tal in s tru m e n t 
function w ith  a FW HM of 0.5 m m  can be rep resen ted  by a G aussian . 
N onetheless, in  the  p resen t experim ent, the  sam e convolution has been 
m ade for comparison. C learly  theoretical d a ta  can be convoluted w ith 
any function and  as long as the  experim ental d a ta  is convoluted w ith 
th e  sam e, a com parison  be tw een  th e  two is valid . A G au ss ian  
in s tru m en t function has no t been used in  any  o ther d a ta  reduction  in 
th is work, a p a rt from th a t  displayed in  figure 6.32. The pred icted  and 
observed em ission profiles are  shown to be in  good agreem ent. There is 
some difference betw een the  experim ental and  theoretical profiles after 
the peak em ission point. This d isparity  is m ost probably an  effect of the 
response tim e of the  photodiode. The response tim e of the  photodiode 
used in  th is  experim ent w as approxim ately  100 ns. Such a response 
tim e, convoluted w ith  the  observed data , would b ring  the experim ental 
and theoretical profiles in to  g rea ter accord.
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Figure 3.5, chap ter 3, reproduced from P a rk  (1989), p resen ts a plot of 
the theoretical relaxation  tim e p a ram eter rp^  versus the  shock velocity. 
The experim en ta l re su lts  of the  p re se n t work for th e  charac teristic  
relaxation  tim es are in  good agreem ent w ith the  predictions of the  TTV 
model for the  condition v=10km s_1, p00=13 P a  (these re su lts  appear in 
figure 3.5 as filled circles). No m easu re  w as m ade how ever of the  
em issive pow er of these  re su lts , an d  as such, th e  v a lid ity  of th is  
prediction of the TTV model cannot be com m ented on.
The tim e resolved profiles of the  P(43) and R(20) lines in  the  (0,0) band of 
N 2+ were m easured  as a function of d istance beh ind  the  shock front. 
The in ten sity  ratio  a t the peak em ission point, 0.59 cm behind the shock 
front, w as m easured  to ob tain  an  accurate  m easu re  of the  ro ta tiona l 
tem p era tu re . This provides only a point-w ise m easu rem en t of the 
ro ta tiona l tem p era tu re , b u t th is  w as m ore th a n  sufficient to m ake a 
com parison w ith  the  nonequ ilib rium  codes and  check the  d isparity  
betw een the  tran sla tiona l-ro ta tiona l and  vibrational-electronic-electron 
te m p e ra tu re s . T he ro ta tio n a l te m p e ra tu re  red u ced  from  th ese  
m easu rem en ts was (24,500 ± 4,700) K. At th is  d istance  behind  the 
shock fro n t, th e  TTV m odel p re d ic ts  a ro ta t io n a l- tr a n s la t io n a l  
te m p e ra tu re  of 20,500 K. T h is  te m p e ra tu re  lie s  w ith in  th e  
experim ental e rro r bound quoted above. This is significantly  different 
from th e  prediction  of the  one-tem pera tu re  m odel w hich pred icts a 
tem p era tu re  of 11,500 K a t  0.59 cm beh ind  th e  shock front. This 
te m p e ra tu re  is less th a n  h a lf  th a t  m easu red  and  is equal to the  
v ib rationa l-e lec tron -e lec tron ic  te m p e ra tu re  Tv predicted  by the  TTV 
m odel a t  th is  p o in t b e h in d  th e  shock. C lea rly  th e re  is an  
u n d e re s tim a tio n  of th e  tra n s la tio n a l-ro ta tio n a l tem p era tu re  in  the  
one—tem p era tu re  model.
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The peak in  the  ro ta tiona l tem p era tu re  was found not to be coincident 
w ith the  peak in  the electron population. At v=10 kins*1, p00=13 P a  of air, 
th e  electron  popu lation  w as show n to peak  a t  app rox im ate ly  1 cm 
behind  the  shock front. If  an  offset, discussed in  section 7.1 w ere to 
exist, th is  would have had  the  effect of push ing  the  experim ental peak 
in  the  electron population fu rth er back behind the  shock fron t and  thus 
create a la rg e r difference betw een the  points a t  which th is peak  and  the 
p eak  in  th e  ro ta tio n a l em ission  occurred . T h is o b se rv a tio n  is 
consistent w ith  the  predictions of the  TTV model in  th a t  the  theoretical 
peak  em ission  p o in t w as n o t coupled to th e  p eak  in  th e  e lectron  
population, b u t ra th e r, as assum ed by P ark , dependent on th e  em ission 
em anating  from  the  N 2+ m olecules w hich have been show n to be the 
dom inant rad ia tion  em itters.
7.3 Atomic and ionic oxygen em ission
E ach  atom ic line  em ission  spectrum  disp layed  in  figure 6.37, was 
in teg ra ted  w ith  respec t to frequency to obtain  a to ta l em issive power 
and  th e n  no rm alized  by p re ssu re  to give a n  em issive pow er per 
particle. The resu lts  a re  shown in  figure 6.38. As can be seen, there  is 
a significant decrease in  the  em ission for p ressu res less th a n  133 Pa. 
T here would ap p ea r to be two com peting processes a t  work. A t the 
h igher p ressu res , collisional de-excitation m ay quench rad ia tiv e  de­
excitation and hence the  em ission per atom  will decrease. However, a t 
low er p re s su re s , th e  ra te  of co llisional excita tion , th e  d o m in an t 
excitation process, is progressively lowered. In  all the  oxygen em ission 
experim en ts, th e  re la tiv e  line in te n s itie s  rem a in ed  c o n s tan t w ith  
decreasing p ressure , ind icating  th a t  the  p lasm a is optically th in . This
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conclusion is confirmed by both opacity calculations and the results of 
the emission and absorption experiments.
The integrated emission from the 777.2 nm transition in O and the 
464.9 nm transition in 0 + was measured a t a point behind the shock 
front where the electron population had reached a p lateau  and 
pseudo—equilibrium prevailed. The position corresponded to 1.48 cm 
behind the shock front at which point both experiment and theory (the 
TTV model) showed that pseudo-equilibrium had been reached. The 
OMA was gated for a period of 0.5 ps, a time in which it was expected 
th a t  conditions would no t change su b s ta n tia lly  in  the  
pseudo—equilibrium region. The 0 + transition  was monitored and 
accumulated over several successive experimental runs at the same 
condition. Due to the problems described concerning the driver gas 
contamination, it took many experiments before a “clean” result was 
obtained.
The point-wise measurement of the intensity ratio of the transitions in 
O and 0 + (figure 6.39) is seen to be in good agreem ent with the 
behaviour of the intensity ratio predicted by the TTV model, that is T*Te 
(figure 6.40). The electronic excitation tem perature corresponding to 
the observed intensity ratio is 9,500 K
7.4 Infrared CW diode laser absorption by  
atom ic oxygen
In order to reduce the predicted param eters of the TTV model to an 
absorption profile, it was necessary to obtain an understanding of the
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way in  which the  oxygen profile w as changing, th a t  is, i ts  w idth  and 
sh ift had  to be well described. The factors affecting the  line  profile in 
th e  p re se n t ex p erim en t w ere th e  D oppler an d  S ta rk  b ro ad en in g  
p rocesses . The S ta rk  b ro ad e n in g  w as d e te rm in e d  u s in g  th e  
experim entally  m easured  electron populations. I t  is tru e  th a t  the S tark  
w id th  and  sh ift a re  functionally  d ep en d en t on bo th  th e  electron  
popu la tion  and  th e  te m p e ra tu re , how ever th e  dependence  on the  
tem pera tu re  is very weak, see equations 5.48 and 5.49.
To p resen t a theoretical absorption profile based  on the  predictions of 
the TTV model, the  equations outlined in  section 5.6 m ust be employed. 
The ab so rp tio n  coefficient, eq u a tio n  5.43, con ta in s th e  linew id th  
pa ram ete r P(Av). I t  was beyond the  scope of the  p resen t work to obtain 
linew id th  in fo rm ation  w ith in  the  nonequ ilib rium  zone im m edia te ly  
beh ind  the  shock front. B ecause of th is , th e  theo re tica l absorption  
profile (figure 6.41) is tru n ca ted  below 0.5 cm beh ind  the  shock front. 
This position is approxim ately w here the  electron population is s ta rting  
to peak  and  pseudo-equilib rium  begins to p revail. F rom  th is  poin t 
onw ards, S ta rk  broadening is the  dom inant broadening  process, and is 
read ily  described, a t  th e  TTV model h as been  show n to accura tely  
predict the  electron densities. Furtherm ore , a t th is  position behind the 
shock, th e  p re d ic te d  t r a n s la t io n a l  te m p e ra tu re  h a s  d ropped  
significantly and the  Doppler broadening  accounts for only 15% of the 
FW HM of the tran sition  profile. Hence, the  line shape was due m ainly 
to the  L oren tzian  profile of the  S ta rk  broadening  a t  the  experim ental 
de tun ing .
The la rg e s t con tribu to r to the  e rro r  in  these  experim en ts w as the  
uncerta in ty  in  the  detun ing  of the la se r under the  oxygen profile. The
Chapter 7 : Discussion 195
la se r w avelength was determ ined to be (777.15 ± 0.03) nm . The size of 
the shaded area  in  figure 6.41 reflects th is  uncerta in ty . I t  is considered 
th a t  th e  difficulty  in  accu ra te ly  d e te rm in ing  th e  w aveleng th  w hen 
w orking in  oxygen (in  the  absence of optogalvanic tu n in g  or o ther 
techn iques th a t  use tu n in g  to th e  tra n s itio n  in  question) will m ake 
fu tu re  work w ith these tran sitions very difficult.
The predicted  absorption is seen to be in  a t  le a s t fa ir ag reem ent w ith 
the  experim entally  observed absorption. However, the  re su lt is far less 
conclusive th a n  th e  re su lts  of th e  e lectron  popu la tion , ro ta tio n a l 
tem p era tu re  and m olecular and  atom ic em ission experim ents.
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Chapter 8
CONCLUSION
Conclusion:
In  th e  p resen t work i t  h as been show n th a t  to accu ra te ly  model the  
reaction  k inetics a t  the  low density , h igh  shock en th a lp y  flight regim e 
of the  AOTV, one requires a k inetic model th a t  accounts for more th an  
one characteristic  tem pera tu re .
I t  h as been dem onstra ted  th a t  th e  level of ion isa tion  pred icted  by a 
o n e -tem p era tu re  model is significantly  overestim ated . This re su lt is 
very  im p o rtan t w hen one considers the  role th a t  e lectrons, and  to 
p e rh ap s  a le sse r ex ten t, ions, p lay  in  the  reac tion  sequences. The 
deviation in  the  electron num ber density  is a d irect consequence of the 
fact th a t  the  tem p era tu re  characteriz ing  the  electrons is significantly 
low er th a n  the  tem p era tu re  th a t  characterizes th e  bu lk  p roperties of 
the  flow. On the  o ther h an d , the  two—te m p e ra tu re  m odel and  the 
experim ent, a re  shown to be in  very good agreem ent; a consequence of 
the decrease in  the  tem pera tu re  characterizing  the  electrons.
The tem poral, point-w ise m easu rem en t of the  tran s la tio n a l-ro ta tio n a l 
tem p era tu re  is shown to be in good agreem ent w ith  th e  predictions of 
the tw o-tem perature model b u t again, in  contrast, the  one-tem perature 
model predicts a tem p era tu re  th a t  is lower th a n  th a t  m easured . The 
ion ic-to -a tom ic  oxygen ra tio  is  show n, ag a in  v ia  a p o in t-w ise
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measurement, to support the hypothesis th a t two tem peratures are 
characterizing the flow. Furthermore the theoretical plots of this ratio 
yield results th a t support the aforementioned conclusion th a t the 
decrease in the electron population is due to a lower electron 
tem perature.
The emissive predictions of the two-tem perature model are in excellent 
agreement with the results of the experiment, in so far as the overall 
profile, peak emission point and relaxation tim es are in accord. 
Unfortunately, no comment can be made as to the emissive power that 
is predicted by the two-temperature model and indeed this param eter 
was normalized out in the data reduction.
The least conclusive result is th a t of the infrared CW diode laser 
absorption experim ent. A lthough the predicted-to-m easured 
absorption profiles are in fair agreement, the error is considerable and 
is due to an experimental deficiency, namely accurate measurements 
of the detuning.
F urther work in this field will require the development of new 
technologies designed specifically to investigate the population 
dynamics. The first hurdle th a t m ust be overcome are those problems 
associated with the contamination of the test slug. At present, there is 
no way of overcoming this problem with the shock tube facilities as it 
was described. One possible solution may be to take DDT to 
double-diaphragm configuration. It may transpire th a t this would 
allow an increase in the experimental test time (before contamination) 
w ith an increase in the shock velocity. U nfortunately , the
Chapter 8 : Conclusion 198
doub le-d iaph ragm  configuration  h a s  a sm alle r tube  d iam ete r (path  
length).
Oxygen is an  im p o rtan t re a c ta n t in  m any  processes an d  a b e tte r  
understand ing  of its  dynamics will be essen tia l to fu tu re  work. As the 
strong oxygen tran sitions are in  the  infrared , a very accurate  technique 
of m easu ring  the  w avelength in  th is  spectral region will be necessary. 
L asers m u st also be developed, or ex is ting  la se rs  app lied , to the  
absorp tion  spectroscopic study of th e  re so n an t tra n s itio n s  in  atom ic 
n itrogen .
To con tinue  th e  p re se n t w ork, m ore advanced  op tical d iagnostic  
techniques such as C oherent an ti-S tokes R am an S ca ttering  (CARS) or 
L ase r Induced  F luorescence (LIF) w ill be req u ire d  to s tu d y  the  
population dynam ics of N 2, 0 2 and  perhaps, m ost im portan tly , NO (as 
th is  species is a vigorous cata lyst). C onditions a re  idea l for such 
studies. L IF will be especially useful as collisional quenching will be 
sm all due to the  low pressures. T im ing m ay how ever be a problem, 
especially if  high resolution is requ ired  w ith in  the  relaxation  zone.
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Appendices : Ionising reaction sequences
A ppendices
A ppendix A R eaction sequences for
ion ising atom ic and m olecular  
collisions
N + O + 2.8 eV <=> NO+ + c
N + N + 5.8 eV <=> N2+ + e"
N + 0 2 + 6.5 eV <=> N 02+ + e
O + O + 6.9 eV <=> 0 2+ + e '
O + NO + 7.9 eV <=> N 0 2+ + e
N + NO + 7.9 eV <=> N20 + + e
X + NO + 9.3 eV <=> X + NO+ + e '
O + N2 + 112 eV <=> N20 + + e
N 2 + 0 2 + 112 eV <=> NO + NO+ + e‘
O + 0 2 + 11.7 eV <=> 0 3^  + e'
X + 0 2 + 12.1 eV <=> X + 0 2+ + e
X + O + 13.6 eV <=> X + 0 + + e
X + N + 14.6 eV <=> X + N+ + e
X + N2 + 15.6 eV <=> X + N2+ + c
Appendices : Ionising reaction sequences
A ppendix B
A ppendix C
Reaction sequences for the  
charge transfer reactions
N2* + N <=> N2+ N++ 1.0 eV
n2*+ 0 <=> N2+ 0 ++ 2.0 eV
Nj* + 0 2 <=> N2+ 0 2++ 3.5 eV
n 2*+ no <=> N2+ NO* + 6.3 eV
N+ + O <=> N + 0 + + 0.9 eV
r  + o2 <=> N + 0 2* + 2.5 eV
N* + NO <=> N + NO* + 5.3 eV
o++ o2 <=> 0+  0 2* + 1.6 eV
0* + NO <=> 0+ NO++ 4.4 eV
0 2* + NO <=> 0 2+ NO* + 2.8 eV
n2* + 0 <=> NO+ N*- 2.2 eV
n2+ + 0 <=> NO++ N + 3.1 eV
n2+ 0* <=> NO+ N*- 4.2 eV
n2+ 0 * <=> NO* + N + 1.1 eV
n2* + 0 2 <=> NO+ NO+ + 4.5 eV
n2+ o2* <=> NO+ NO* + 0.9 eV
0 2* + N <=> NO+ O*- 0.2 eV
0 2* + N <=> NO+ + 0+  4.2 eV
0 2+ N* NO+ 0*+ 2.3 eV
0 2 + N* <=> NO++ 0+  6.7 eV
Reaction sequences for the  
electron attachm ent reactions
6  +  O 2  + +  O 2  
G +  O2 +  X +-> O2 + X 
e" + 0  ++ 0 ‘ + hv
G +  O2 ++ 0  + 0 
g" + NO +•> N + O'
Appendices : Park’s model -  reactions and rate parameters
Appendix D Park’s model - reactions and
rate parameters
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Appendices : Species mole fractions to number densities
Appendix E
Reduction of output in Species Mole Fractions to absolute 
number densities
W ith a knowledge of the tim e histories of the  species mole fractions and 
the  te m p e ra tu re  T, i t  is possible to reduce th e  m olar frac tions to 
absolute num ber densities as follows.
D efining the  tem p era tu re  T; the  num ber density  of species i; N the 
to ta l num ber density; P  the  pressure; q  the  mole fraction; m i the  m ass 
of species i; p the density  and m av the  average m olecular m ass, one can 
w rite the  equation of s ta te  and the  m om entum  equation as
p = k T ^ n ;
an d
P = Pl + PlU?(l-pl/p)
(where the subscript 1 indicates conditions in  front of the  shock). 
Knowing th a t  the  m olar fraction is defined by
and th a t the  average m olecular m ass is given by
m av ~ X*i mi
Appendices : Species mole fractions to number densities
the density p may be expressed as;
P = mavN = N ^ X j  mi
and therefore
N P
Exi mi
The equation o f state can now be w ritte n
kTp
S u b s titu tin g  the  sta te  equa tion  in to  the  m om entum  equation  one 
obtains the fo llow ing quadra tic  in  p;
f
V
kTp
£Xi i /
P2 - (Pi + Pi«2)p + P?u? 0
This equation m ay be solved fo r p w ith
kTp
'L x i
b = -(p i + piu?), 2 2 Pi »1
to deduce the species num ber density
ni = XiN
as a function  o f distance behind the shock fron t.
